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SUMMARY

1. Spontaneous transmitter release was studied at the frog sartorius neuromuscu-
lar junction in the presence of a variety of cations before and after treatment with the
specific presynaptic neurotoxin, 0-bungarotoxin (fi-BuTX).

2. Treatment with O-BuTX produced a maintained increase in spontaneous
release, as indicated by the miniature end-plate potential (m.e.p.p.) frequency. It was
demonstrated that the m.e.p.p. frequency remained dependent on the extracellular
calcium concentration.

3. A 30 mM increase in extracellular sodium chloride produced a reversible
increase in frequency only after j3-BuTX treatment, indicating that O-BuTX had
increased the permeability of the presynaptic terminal.

4. Furthermore, several divalent cations other than calcium were shown to either
maintain or greatly increase the m.e.p.p. frequency after $-BuTX treatment (before
toxin treatment replacement of calcium by these divalent cations produced only small
changes in frequency). The relative effectiveness of the divalent cations tested in
increasing spontaneous transmitter release after toxin treatment was Co2

* , Ni2 * >
Mg2 . > Ca2  Sr" > Mn 2 . The effect of cobalt, which increased the m.e.p.p.
frequency 6.5 times after toxin treatment, was studied in detail.
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278 Mamkawa and Livengod

5. It is proposed that 6-BuTX, through its phospholipase activity, increases the
ionic permeability of the terminal membrane and allows access to intracellular sites of
relatively impermeant cations. This allowed us to demonstrate that several divalent
cations other than calcium can influence transmitter release either directly at release
sites or by altering irternal calcium buffering.

INTRODUCTION

A rise in intracellular calcium is believed to be a necessary step in aeurosecretion and
transmitter release. However, the mechanism by which Ca mediates transmitter
release is uncertain. The role of Ca in this process has been studied by investigating the
ability of other divalent cations to also support release. For example, strontium has
been shown to replace Ca in both evoked and spontaneous release (Dodge et aL. 1969;
Meiri and Rahamirroff, 1971; Miledi, 1966). It appears, thus far, to be the only
divalent cation other than calcium which supports evoked release. By comparison,
other divalent cations (e.g., Ba, Co, Mg, Mn, and Ni) do not support evoked release but
can affect spontaneous release rates (Balnave and Gage, 1973; Hurlbut et al., 1971;
Kita and Van der Kloot, 1973, 1976; Misler and Hurlbut, 1979 Silinsky, 1977;
Weakly, 1973). The ability of these other divalent cations to support spontaneous
release is revealed only by conditions which most likely increase their access to the
intracellular space, e.g., tetanic nerve stimulation (Hurlbut et al.. 1971; Kita and Van
der Kilot, 1973), potassium depolarization (Kita and Van der Kloot, 1973), the
presence of the calcium ionophore X537A (Kita and Van der Kloot, 1976), and black
widow spider venom (Misler and Hurlbut, 1979). The inability of someof these ions to
support evoked release can be explained by their inabiltiy to enter the cell through
voltage-dependent calcium channels (Hagiwara et cl., 1974). An exception is Ba,
which enters channels and allows release. Therefore, access to intracellular sites by
divalent cations may be the primary limiting factor in their observed capacity to
support release of transmitter.

Here, we report evidence that the specific presynaptic neurotoxin, $-bungarotox-
in, (fl-BuTX) can be used to increase access for these ions to the intracellular space.
We find that the divalent ions Co2+, Mg", Ni2' , and Sr2+ support spontaneous
transmitter release after O-BuTX treatment. However, the different time course of the
effects of these divalent cations suggest that they may not all be acting through a single
mechanism.

MATERIALS AND METHODS

Experiments were performed on the sartorius neuromuscular junction of the frog,

Rana pipiens. Approximately I cm of the sciatic nerve was retained and tied off in each
preparation. The control Ringer solution (115 mM NaCI, 2.5 mM KCI, 1.8 mAM
CaCI2, 3.0 mM Hepes buffer, pH 7.0) contained neostigmine bromide (3 ,tM) (Sigma) -
and tetrodotoxin (I uM) (Sigma) to enhance the miniature end-plate potential
(m.e.p.p.) amplitude and to inhibit the spontaneous muscle twitching that occurred
after $-BuTX treatment and interfered with long-term microelectrode
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Alterations in Transmitter Release by Divalent Cations 279

penetration of single muscle fibers. Neostigmine and tetrodotoxin, which were present
in all solutions, did not influence the O-BuTX-induced effects described here. Frog
muscles were superfused in a water-jacketed plexiglass chamber at temperatures of
18-210C. The muscle was pinned on a Sylgard resin surface. The placement of
microelectrodes was under direct visual control using a compound microscope (115 x).
The m.e.p.o. frequency and resting membrane potential were monitored by conven-
tional microelectrode techniques (Livengood et al., 1978). Electrophysiological signals
were digitized and analyzed by an on-line computer (PDP-I 1/34, DEC, Maynard,
MA).

O-Bungarotoxin (22,000-dalton protein) was isolated by passage of the crude
venom (Miami Serpentarium, Miami, FL) through two ion-exchange columns (C-50
and G-75, Sephandex) (Tobias et al., 1978). Commercially purified O-BuTX (Boeh-
ringer Mannheim, Indianapolis, IN) gave similar results. The procedure for O-BuTX
treatment was as follows: the neuromuscular preparation was exposed to a O-BuTX
concentration of 0.1-2.0 iig/ml. During this time perfusion was stopped and the
chamber fluid was mixed by a push-pull syringe system immediately after the addition
of a concentrated aliquot of O-BuTX. Ten minutes later, the chamber fluid was mixed
again. Twenty minutes after the beginning of O-BuTX exposure, the chamber was
rapidly flushed with O-BuTX free Ringer solution. The -BuTX concentration was
varied to produce comparable increases in m.e.p.p. frequency in different preparations.
This variability in O-BuTX potency reflected differences in 3-BuTX batches, sources,
and variability among end plates. Divalent cations were added as their chloride salts.

RESULTS

O-Bungarotoxin has been shown previously to influence spontaneous and evoke,
release at the neuromuscular junction. Spontaneous release initially increased and then
began to fall within 2 hr, eventually leading to transmission failure after exposure to
/-BuTX (Lee and Chang, 1966; Oberg and Kelly, 1976; Kelly and Brown, 1974; Abe
et al.. 1976). Se\'eral groups have suggested the importance of the phospholipase A,
activity of O-BuTX as the basis for its action (Abe and Miledi, 1978; Livengood et al..
1978; Strong et al., 1976; Wernicke et al., 1975). More detailed studies have linked the
changes in transmitter release and the cessation of transmission with the phospholipase
activity (Abe and Miledi, 1978; Chang et al., 1973; Howard and Truog, 1977; Kelly et
al., 1976; Livengood et al.. 1978). These changes in synaptic transmission can be
explained by an increase in ionic permeability of the presynaptic terminal membrane.
The eventuzl block of transmission, with relatively high O-BuTX concentrations, can
be attributed to the breakdown of the -.rminal membrane (Abe et al., 1976; Chen and
Lee, 1970; Strong ei al.. 1977). Therefore a relatively low concentration (0. 1-2 g/m!)
of O-BuTX was used to increase the permeability of the presynaptic terminal and
maintain an increased spontaneous release of transmitter without a full block of
transmission.

The time course of the m.e.p.p. frequency changes during and after exposure of a
muscle to 3-BuTX is illustrated in Fig. 1. During the 20-min period of exposure to
toxin, the m.e.p.p. frequency decreased and then increased to 5-!0 times the pretoxin

4k
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Fig1 1. Change in m.e.p.p, frequency after -uTX treatment. At time zero, the

neuromuscular preparation was enposed to 0. 1 g/mi s-au'I'X in comtro Ringer. After

approximately 20 rain, at t vertical dished line. the prazont, was washed with

O3-BnTX-frec control Ringer. The filled circles are frequency migwrements from a single

end plate followed until the penetral'on was lost. The open ciples and ba represent the

meain and SE of m.c.p.p, frequencies from at [cast 10 end plates from the same muscle.

The m.e.p.p, frequency first decreased and then increased rapcdly to a steady level 2 hr

a fte~r toxin aexposure. The inset illustrates the amplitude histognpm of mep.p.s before (a)

and after (b) exposure to toxin Th© bin width is 160 j&Y and the bw bin is 0-1 60 &V. The

model amplitude was unchanged after toxin treatment. however events that were twice

the modal amplitude were present after toxin treatment. Th bins not shown in inset (a)

were empty.

rate. The m.e.p.p, frequency plateaued and remained elevated for up to 6 hr. All results

reported as "after #-BuTX pretreatment" in this and subsequent experiments were

recorded after the muscle was treated with O-BuTX for 20 rain andt then washed with

toxin-free control Ringer for at least 2 hr. Previous expe-. nents by others (Kelly and

Brown, 1974; Oberg and Kelly, 1 976) using a higher concentration of f-BuTX, e.g., 20

jug/ml, showed spontaneous release peaking within 60 min and then steadily decreas-

ing thereafter. The mode of the m.e.p.p, amplitude frequency distribution was not

significantly altered by the toxin treatment (inset, Fig. 1). However, larger m.e.p.p.s of
twice the modal amplitude were also present. When commercially purified O-BuTX
was used, there was a rapid decrease i~n the m.e.p.p, amplitude; however, after 2 hr of
washing witlh 6-3uTX free solution, the m.e.p.p, amplitude recovered to the control

level. This effect could be explaine- by a contaminant that had a r-versible postsynap-

.717
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tic action (MacDermot et al., 1978). A majority of these results was obtained using
commercially purified toxin.

The effect of O-BuTX treatment on the functional relationship between m.e.p.p.
frequency and extracellular calcium concentration was examined between 1.0 and 16
mM extracellular calcium (Fig. 2). Without toxin treatment, m.e.p.p. frequency was
proportiona! to extracellular calcium concentration; the slope of the log-log plot was 1.
However, after toxin pretreatment, the slope decreased to 0.55 (mean - 0.37 _' 0.067,
N - 3). In contrast, Oherg and Kelly (1976) found that the functional dependence of
m.e.p.p. frequency on external Ca was not affected by 20-.g/ml O-BuTX treatment in
the iat phrenic nerve-diaphragm preparation. The different result might be due to
their use of a higher toxin concentration or a mammalian preparation. The cause of the
decreased slope after toxin treatment is not known; however, the fact that the m.e.p.p.
frequency remained Ca dependent allowed us to investigate the effect of other divalent
cations on the m.e.p.p. frequency alter toxin treatment. The calcium-dependent
increases in the m.e.p.p. frequency following toxin treatment were reversible, so that

L
10.0

0.0

z
U

LA. 0.1
CL
0.

0.01 .... . . .,,
0.1 1.0 10.0

CALCIUM CONCENTRATION (mM)

Ag. 2. The relationship between me.p.p. frequency and calcium
concentration in 6-BuTX-treared and untreuted muscles. The
m.e.p.p. frequency of O-BuTX-treated, I ug/mi (0). and untreated
fo) muscles increased with increasing calcium concentrations (1.0,
1.8, 4.0, F.0, and 16 mM). The relationship under the two .ondi-

tions varied, showing that m.e p.p. frequencies of the toxin-treated
peparations increased at a slower rate than in nontreated muscles.
The data points are averages of 10 fibers under control conditicns
and 3 fibers aftir toxin treatment. Both coordinates are logarith-
mic. Standard error bars are indicated.
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the increases could not have resulted from further phospholipase activation (Howard
and Truog, 1977; Strong et al.. 1976; Tobias et al., 1978).

Increasing the intracellular sodium ion concentration modulates transmitter

release presumably by altering internal calcium concentrations (Baker and Crawford,
1975; Birks and Cohen, 1968; Charlton and Atwood, 1977; Rahamimoff et al., 1978a,
b). In untreated muscle, when the sodium chloride concentration of the Ringer solution
was raised by 30 mM, there was no change in frequency (Fig. 3). However, after toxin
treatment elevating the sodium chloride increased the frequency by a factor of 10 (Fig.
3), and the effect was reversible. After washout with normal Ringer, the frequency
declined to one-half the maximum frequency within 4 min and returned to the control
level within 30 rain.

External calcium was not necessary to elicit the Na effect. When calcium was
! replaced by 2 mM manganese and the sodium concentration raised by 30 mM, the

m.e.p.p, frequency again increased but only after toxin treatment. As will be seen later,
l 2 mM manganese did not produce an increase in m.e.p.p, frequency after toxin

treatment. This increase in frequency was dLe most likely to the increase in sodium
influx due to phospholipase treatment and a release of calcium from internal stores.

Previous work has shown that most divalent cations cannot support evoked
transmitter reiease (Del Castillo and Engbaek, 1954; Kita and Van der Kloot, 1973;
Meiri and Rahamimoff, 1971; Miledi, 1966; Silinsky, 1977; Weakly, 1973) probably
because of the low permeability to these ions of the voltage-dependent calcium
channels in the presynaptic terminal. However, if as suggested ibove, 0-bungarotoxin
does increase the permeability of the terminal membrane, toxin treatment r;ght allow
us to compare more directly the ability of various divalent cations to produce

lO.O 0

oa

fr 3. The effect of elevated NaC n
m.e.pp. frequency. The arrow% point to the

" ime at which the bathing solution wasT s~witched from the corntrol Ringer to a sol-
:[ tio that contained 30 mM more NaCl. The

• : • • ,,m.e.p.p, frequencies recorded fromi J une-
tion of an untreated muscle were unchanged
after exposure to the el-'_ated NaCI Ringer
as illustrated by the filled circies. However.
after O-BuTX treatment (I ggla), the

O.10 I J I | .e.p.p, frequency increased rapidly 10 rain
0, 10 20 30 40 after switching to the test solution as illus.

TVAE bmlsa) trated by the open circles.
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SCo + 8 M K
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Fig. 4. The effects of cobalt chloride (2 mM) on m.e.p.p.
frequency under various experimental conditions. Cobalt had a
negligible effect on the m.e.p.p. frequency of a muscle which had
no' been exposed to I-BuTX (0). After toxin treatment (0.2
Ug/ml), cobalt first decreased the m.e.p.v. frequency and then
increased tne frequency to more than three times that under
post-toxin conditions in 1.8 mM calcium Ringer (&). By compari-
son, cobalt decrea:;d the m.e.p.p. frequency in a fiber from a
non-toxin-treated muscle exposed to 8 mM potassium chloride
during the same tinle period 1,). *"tassium, 8 mM, elevated the
m.e.p.p. fr-'uency to approximately that of toxin-treated muscles
in control Ringer. The recording chamber was perfused with a
cobalt chloride Ringer sclution starting at time zero in al! cases.
The inset ilustrates chart recordings of miniature end-plate poten-
tials of the toxin-treated fiber before (a) and after (b) switch:ng to
2 mM cobiait chloride Ringer.

transmitter release by circumventing the specificity of the channel. The effects of
cobalt, magnesium, manganese, nickel, and strontium were also examined before and
after toxin treatment. Of these, the effect of cobalt was studied in detail. Replacerent
of Ca by 2 mM cobalt chloride was without effect on the m.e.p.p. frequency in
untreated muscle (filled circles, Fig. 4). However, after toxin treatment, 2 mM cobalt
increased the m.e.p.p. frtequency by about 6.5 times, i.e., from 6.4 :t 1.0 to 42.0 ± 8.0
Hz (Table I). Maximal m.e.p.p. frequency was reached about 90 min after switching to
the Co solution: the freqiency then decayed to a plateau below control (0.65 ± 0.042
Hz, N - I I ) after an additional 80 min.

Kita and van der Kloot (1973) observed changes in release rate in the presence of
Co or Ni when the frog neuromuscular junction was tetanically stimulated or



294 Masukawa and Livengood

Tale . Changes in M.e.p.p. Frequency Due to Divalent Cation Replacement of
Calcium Before and After Toxin Treatment

Replacement Conc. Untreated Toxin treated
ion (mM) (mean ± SE) (mean ± SE)

Cobalt 2 0.23 ± 0.02-0.33 ± 0.04 6.40 ± 1.0 -,42.0 ± 8.0
(+43%) (+556%)

Magnesium 2 0.50 ± 0.10- 0.22 ± 0.04 5.64 ±: 1.04 - 11.70 ± 2.09 r
(-56%) (+107%)

5 0. 15 ±0.02- 0.07 ± 0.01 2.36 ± 0.52- 11.16 ± 3.46
(-53%) (+373%)

Manganese 2 0.20 ± 0.04 - 0.36 ± 0.08 4.0 ± 0.55 - 2.5 ± 0.4
(+80%) (-38%)

Nickel 2 0.41 ± 0.07 - 0.28 ± 0.10" 1.6 ± 0.4 - 9.4 ± 1.0
(-32%) (+488%)

Strontium 2 0.26 ± 0.03 - 0.17 ± 0.02 5.20 ± 0.8 - 5.30 ± 1.0
(-33%) (+2%)

5 0.19 ± 0.02 - 0.17 ± 0.02 1.68 ± 0.39- 3.35 ± 0.70
(-11%) (+99%1

11 - 3; N> 10in all other case.

depolarized with potassium. However the effects cf Co were not due to the depolariza-

tion of the presynaptic terminal membrane which may have been produced by toxin
treatment. This was demonstrated by depolarizing untreated neuromuscular prepara-
tions with a Ringer solution containing 8 mM K , which increased the m.e.p.p.
frequency to the same level exhibited by O-BuTX-treated muscles in control Ringer.
As shown in Fig. 4, the exchange of 2 mM cobalt for normal calcium decreased the
frequency without the subsequent potentiation which was characteristically seen af-r
toxin pretreatment at a normal K concentration. The decrease in frequency ma
explained by the decrease in calcium influx by cobalt blockage of calcium channels.
Therefore, it does not appear that a depolarization produced by toxin treatment simply
opens channels permeable to cobalt or exposes sites for cobalt that are not open at a
normal resting membrane potential.

The increase in frequency after the replacement of calcium with cobalt must be
related to an action not related to depolarization by O-BuTX. This could simply reflect
additional activation of toxin molecules by cobalt. This possibility was ruled out by
investigating whether the toxin could produce its initial effects in the presence of cobalt
alone. To do this, neuromuscular preparations were soaked in 2 mM cobalt chloride,
calcium-free Ringer for I hr and then exposed to toxin in the usual manner .n this
medium (Fig. 5). No change in m.c.p.p. frequency was seen during exposure to the
toxin. During the O-BuTX-washout period, there was a gradual increase in frequency,
but it was not until the muscle was returned to control calcium Ringer that the
frequency increased at a rapid rate. This result indicates that cobalt does not block the
binding of O-BuTX significantly and does not effectively activate the phospholipase
action. Only when calcium is present is the phospholipase activity evident (Abe et al.,
1976; Chang et al.. 1977; Howard and Truog, 1977; Strong er al., 1976; Tobias et al.,
1978).

Thus far, it appeared that the increase in the potency of cobalt on release was dIe
to an increase in the membrane permeability by O-BuTX. However, it was not clear
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1.2 1 1 1
II

i

0.3-

00

I TOXim WASHt C-0
2 

I,8 ̂

0 20 40 s0 s0 100

TIME (mi.lm)

Fig. 5. The effect of -BuTX on m.e.p.p. frequency in the presence of 2 mM cobalt chloride. A
muscle was exposed to 2 mM cobalt Ringer for I hr before treatment with toxin (0. 1I g/ml) (ot
No significant change in frequency was observed during the toxin exposure period. It was during
this period in another muscle tiated with toxin in control Ringer (0) that the m.e.pp frequency
was potentiated. In the cobalt-exposed muscle fiber (0), after washing with 8-BuTX-free, cobalt
Ringer solution for 36 min, the replacement of cobalt by 1.8 mM calcium resulted in a rapid
increase in m.e.p.p. frequency. This increase had the same rate course as e he fiber treated with toxin
(0.1 gig/ml) while bathed in control Ringer st lution (1.8 mM calciurn) (0).

how cobalt was potentiating the release of transmitter. With a simple increase in
permeability, the reversibility of these effects might be rapid, recovering within
minutes after returning to the control ionic environment. The sodium- and calcium-
dependent increases in frequency were reversible in this way. However, this was not the
case for Co. The exposure of a 6-BuTX-treated terminal to Co increased the m.e.p.p.
frequency to 8 Hz; the return tc the control Ringer produced a further increase in
m.e.p.p. frequency that was unaltered with a subsequent replacement of calcium by
cobalt. In untreated neuromuscular junctions, at a higher concentration of cobalt (10
mM) the rise in the m.e.p.p. frequency was reversed for a period or 30 min before the
frequency began to rise again, indicating both a direct effect that was reversible a.id a
more long-term effect. Such data indicated that cobalt, in addition to having a direct
effect on release, may be interfering with intracellular maintenance of calcium levels
during steady calcium influx.

The possibility that cobalt may have an indirect effect on transmitter release are
also further suggested by the latency of the calcium-induced m.e.p.p. increases (Fig.
6). When the extracellular calcium concentration was raised from 1.8 to 16 mM, the
nt.e.p.p. frequency of both treated and untreated junctions (untreated shown) rose
rapidly to a plateau within a few minutes after changing solutions. However, after
toxin treatment, the replacement of cobalt for calcium produced an increase after a

Ii
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1.2

0.6
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0.0
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I6. The time course of the m ".p.p. frequency increase in 16 mM
calcium Rinler and 2 mAM cobalt Ringer. The increased me.p.p.
frequency after O-BurX treatment (2 mg/ml) and exposure to,2 mM
cohalt (0) was slow relative to the response of preparations that were
untreated and exposed to 16 mM calcium (0). In addition, there was an
early plateau of m.e.p.p frequencies in muscles exposed to 16 mM
calcium during the time that the frequency continued to increase in 2
mM cobalt. Solution change is indicated by the arrow.

delay of about min. The frequency then rose at a slower rate and did not always reach
a plateau during the ususal recording period of I hr. The delay of cobalt's effect may
reflect a less direct site of action with respect to the site of transmitter release.

The effects of other divalent cations were also examined in 8-BuTX-treated
muscles (Table I). In all experiments, the divalent cations replaced calcium in the
Ringer solution. The frequencies of m.e.p.p.s were recorded in single fibers during
solution changes and when the frequency reached a steady sate, several more end
plates were sampled. When steady state was not reached as in some of the end plates
exposed to cobalt and nickel, sampling was performed within a I-hr period at which
time a maximum frequency was achieved. Nickel chloride, 2 mM, produced an effect
similar to that of cobalt, by increasing the frequency by 486% after toxin treatment, in
comparison to a decrease of 32% before toxin treatment. Manganese chloride, 2 mM,
however, produced a decrease of 38% in m.e.p.p. frequency after toxin treatment.
Higher manganese concentrations were not used since they potentiated the m.e.p.p.
frequency even without toxin treatment (data not shown; Balnave and Gage, 1973).
Strontium chloride did not change the m.e.p.p. frequency before or after toxin

'treatment, which is in agreement with the present understanding that strontium can
replace calcium in many functions. Raising strontium to 5 mM after toxin treatment
produced an increaze comparable to that seen with the same increase in calcium
concentration. Magnesium chloride, 2 maM, increased the m.e.p.p. frequency by 107%
after toxin treatment, compared to a decrease of 56% under control conditions.
Increasing the magnesium concentratwn to 5 mM further increased the m.e.p.p.
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frequency after toxin treatment. All of these changes were reversible except for those
of nickel and cobalt, in which the m.e.p.p. frequency rose and then fell within the
recording time ir. a similar manner. The relative effcctiveness of the divalent cations in
their ability to increase the m.e.p.p. frequency af _-r toxin treatment was as follows:
Co2" Ni 2  > Mg2 > Ca2" Sr2  > Mn2'.

DISCUSSION

We have used a specific presynaptic neurotoxin, 0-bungarotoxin, to modify the
nerve terminal of the frog neuromuscular junction. The treatment with low concentra-
tions of O-BuTX revealed the ability of several divalent cations to change the
spontaneous release rate of quantal acetylcholine. The simplest interpretation of these
results is that toxin treatment increases the permeability of the presynaptic membrane
to cations that normally are considered impermeable, i.e., Co, Mg. Mn, and N'. The
phospholipase activity of O-BuTX could play a cru,.ial role in increasing membrane
permeability by phospholipid hydrolysis. As was shown in Ca2 -Ioaded sarcoplasmic
reticulum, 8-BuTX increased the passive calcium efflux (Lau et al., 1974). Abe et al.
(1976) observed multiple firing in stimulated nerves of neuromuscular preparations
that have been treated with 5 ug/ml toxin, indicating a possible increase in membrane
permeability and depolarization. Other workeys have shown electronmicrographs of
presynaptic terminals of neuromuscular junctions after transmission failed due to
#-BuTX treatment, and they demonstrated alterations of the plasma membrane and
swelling of mitochondria (Abe et al., 1976: Chang et al., 1977 Ng and Howard, 1978),
which can be a reflection of an increase in calcium influx and plasma membrane
depolarization.

The similarity of the toxin-induced effects of increasing external Na reported here
to manipulations of intracellular sodium repo-ed elsewhere (Charlton and Atwood,
1977; Rahamimoff ef al., 1978a; Rahamimoff et al., 1978b) further supports the
conclusion of an increase in membrane permeability. In addition, the recovery f-om
high sodium was complete and rapid, which suggested a rapid sodium dissociation and
efflux. These results, however, do not rule out the possibility that sodium had either an
effect on the external surface of the membrane that was enhanced by toxin treatment
or a direct effect on release sites.

As expected from a -BuTX-induced increase in membrane permeability,
previously impermeant divalent cations increased spontaneous release. The relative
potency of these cations at 2 mM concentrations on spontaneous transmitter release
was Co2' - Ni 2' > Mg 2' > Ca' Sr > Mn" and could reflect the selectivity of
either the !oxin-induced increase In permeability or the sites of action of these cations.
A further activation of the phospholipase by divaient cations after pretreatment does
not appear to be significant in determining this relative potency in vizw of the
demonstration that the divalent cations Mg, Mn, and Sr cannot saipport phosphiolipase
activity (Chang et al.. 1977; Howard and Troug, 1977; Strong et al.. 1976). In
addition, we have shown (Fig. 5) that cobalt also cannot readily support the enzyme
activity.

It has been demonstrated by others that, under differi..g conditions, spontaneous
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release increases in the presence of the cations studied here. Conditions included high
extracellular concentrations of divalent cations (Kita and Van der Klot, 1973; Kita et
at., 1981; Weakly, 1973), and neural tetanic stimulation or K depolarization (Hurlbut
et at., 1971; Kita and Van der Kloot, 1973; Kits et at., 1981). Permeation presumably
occurred through existing voltage-dependent channels. When the ionophore X537A
was used, a selectivity series for divalent cations was Bai + > Sr' > Ca 2 

> Mn2+ ,
Co2' > Ni2 + > Mg 2 +. However, the selectivity was similar to the affinity of the
divalent cations for the ionophore (Kita and Van der Kloot, 1976). Black widow spider
venom, which also acts as an ionophore, allowed several nonpermeant ions to increase
spontaneous release, although the relative effectiveness was not determined (Misler
and Hurlbut, 1979). The only response which is in qualitative variance with previous
findings is that Mn decreased the m.e.p.p. frequency after toxin treatment. We might
postulate that this is similar to the findings of Kita et at.. (1981), who found that at an
elevated extracellular Mn concentration (10 rM), the m.e.p.p. frequency declined.
They concluded that at high terminal levels, Mn may be inhibiting release, although at
low levels, as we saw under control conditions (untreated. Table 1) and others have seen
(Balnsve and Gage. 1973; Kita et al.. 1981), Mn increases spontaneous relese. The
potentiations of transmitte- release by cobalt and nickel after toxin treatment reported
here were of a high magnitude, but were seen at low concentrations of the divalent
cations and without the need for nerve stimulation (TTX was always present) or nerve
depolarization by potassium, and may reflect a more nonspecific permeability increase
than seen by others.

Although it is clear that divalent cations can raise spontaneous release, how this
occurs is still a question. One explanation is that divalent cations can bind to sites
controlling release and act in place of calcium. If so, the relative effectiveness series
would describe the relative affinities of the binding site involved in release. However, it
is difficult at this time to separate the ion specificity of the toxin-induced permeability
change from the ion specificity of the sites of action. In addition, divalent cations may
be acting indirectly on transmitter release by producing a rise in internal calcium by
either a displacement of sequestered calcium or a blockage of calcium uptake sites.
Indicative of displacement due to competitive binding, divalent cations other than
calcium were shown to precipitate in the same presynaptic locations as calcium by
electron micrographic examination of frog neuromuscular junction (Ornberg and
Reese, 1980; P3litoff et al., 1974). However, a recent study has shown a relatively
lower affinity of the divalent cations, cobalt and nickel, for calcium binding sites in
Myxicola axoplasm (Aoercrombie et al.. 1980). The involvement of calcium transport
in these experiments w's suggested by the further increase iii spontaneous release when
#-BuTX-treated and cobalt-exposed muscles were returned to normal calcium-
containing Ringer solution. The additional increase could be explained by a block by
cobalt of calcium pumps or sequestering systems. Thus when calcium was reintro-
duced, intracellular calcium rose it, a higher level than before cobsilt exposure.
Divalent cations have been shown elsewhere !o inhibit calcium uptake in.o mitochon-
dria (Carafoli and Crompton, 1977). In any case, divalent cations appear to be
effective in potentiating transmitter release after permeability barriers have been
broken down by a specific phospholipase treatment.

7._ _ ,,I lII I II I I I I I " I J

i~~~~l I ll ls [ 1 I I I I I i



Alteratios in Transmitter Release by Divalenit Cationsa2

ACKNOWLEDGMENTS

We thank Drs. M. Donlon, W. Shain, and G. S. Tobias for providing toxin used in
some of these experiments. We are grateful to Drs. Kiyoshi Kusano and Geoffrey H.
Gold for many help.'l comments on the manuscript. We also thank Ms. Mary Beski
and Ms. Cheryl Joo, for preparing the manuscript and Mr. Mark Behme and Mr. Jerry
Heiser for preparing the figures. This work was supported by National Research
Services Award NS-05242 and a National Research Council Associateship to L.M.M.
and performed under the Armed Forces Radiobiology Research Institute Work Unit
8442-60108.

REFERENCES

Abe, T.. and Ntiledi. R. (1 978). Inhibition of 0-bungarotoxin action by bee venom phospholipase A,. Proc.
Roy. Soc. Lond. B. 2W.225-230.

Abe. T., Limbrick. A. R., and Miled, R. (1976). Acute muscle dessemvtion induced by jf-bungisrotoxin.
Proc. Roy. Soc. Load. B. 194:545-553.

Abercrombie. R.. Masukawa. L. M.. Sjodin. R.. and Livengood. D. R. (1981). '5Ca uptake and "Ca release
by Adyxicola axoplasm. J. Gen PhYsiol. 78:413-430-

Baker. P. F.. and Crawford. A. C. (1975). A note on the mechanism by which inhibitors of the sodium pump
accelerate spontaneous release of transmitter from motor nera.. terminals. J. Physiol. Lond. 247:209-
226.

Baker. P. F. Meves. H., and Ridgway, E. B. (1973). Effects of manganese and other agents ott the calciutm
uptake that folows depolarization of squid axons.)J. Plsysiot Lond. 2.31:511-526.

Balnave. T1. and Gage. P. W. (1973). The inhibitory effect of manganese on transmitter release at the
neuromuscular junction of the toad. Bp- J. Pharmsaciof. 47:339- 352.

Birks. R. L., and Cohen. M. W. (1968). The influence of internal sodium on the behavior of motor nerve
terminals. Proc. Roy Soc. Lond. B 17W401 -421.

Carafoli. E., and Crompton. M. (1976). Calcium ions and mitochondras. In Calcium in Biological Systems.
Symposium of Experimental Biology. No. XXX. pp. 89-I1I5.

Chang, C. E.. Chen. T. F.. and Lee. C. Y. (1973). Studies of the presynaptic effect of 8-bungarotoxin on
neuromuscular transmission.)J Pharmvacol. Exp. Thter 134-339-345,

Chang, C. C.. Su, M. J.. Lee. J. D., and Easker, D. (1977). Effects of Sr' and Mg on the phospholipase A
and the presynaptic neuromuscular blocking actions of 0-bungarotoxin. crotoxin and taipohis.
Nauttyr-Schmiede-ber Arch. Pharmacol. 2". 15 5-16 1.

Charlton. M. P., and Atwood. H. L. 11977). Modulation of transmitter release by intracellular sodium in
squid giant synapse. Brain Res. 134367-371.

Chen. I.-L., and Lee. C. Y. (1970). Ultrastructural changes in the motor nerve terminal caused by
j3-bungsrooin. V/irchows Arch. Abr. B Zellpath. 6,318-325.

Del Castillo, J.. and Engbaek. L. (1954). The natureof the neuromuscular block produced by magnesium.).
Phvsiol. Losd. 124:370-384.

Dodge.,F. A.. Jr., Miledi. R., and Rabasmimff R. (1969). Strontium and quanta[ re'ease of transmlit-r at
the neuromuscular junction.)J. Physiol. Lond. 2W.~267-283.

Hagiwara. S., Fukuds. J.. and Eaton. D C. (1974). Membrane currents carried by Ca. Sr ard Ba in
barnacle mu-cle fiber during voltage clamp. J. Gens. PhYsiol 63:56.4--578.

Howard. B. D.. and Truug, R. (1977). Relationship betwee- -- otoxicity and pheispholipase A activity of
3-bunqarotoxin. Bi, semrvisrry l6c 22-125

Hurlbut, W. P.. Longenecker, H. B.. and Mauro, A. (1971). Effects of calcium and magnesium on the
frequency of miniature endplaie potentials during prolongeds letaniration. J. Phvriol. lond 21',.-7-
33.

Kelly. IR. B.. and Brown, F. It.. 111 (1974). Biochemical and physiological properties oft purifited snake
venom iseurotoxin which acts pes ynaptically. J. .eurohiol 5:135-1I50

Kelly, Rt. B., Oberg, S.CG.. Strong.?P. N.. sod Wagner. G. M. (1976). 35- ungarotoxin. a rhospholipase that
stimulates transmitter release, Is Synapse Vol. XL Coid Spring Harbor Symposiurn, pp. 117-125.



Makawa and Uivengood

Kit&. H and Van dr Kioot. W. (1973). Action on Co and Ni at the frog neummurcular junction. Nature.
New Diol. 24&52-53.

Kita. H.. and Van der Kkw.. W. (1976). Effects of the ionophore X-537A on acetylcholine release at the frog
neuromuscular junction. J. PuIwOl. Loand. 29 177-4 98.

Kits, H., Narita, K., and Van der Kloo W. (1981). Tetanic stimulation increases %e frequency of
miniature end-plate potentials at the frog neuromuscular junction in M,.'. Co'

, and Ni saline 4
solutions. Bran Res. 20.11!-12 1.

Lau, Y. H.. Chiu. T. H.. Caswell. A. H. and Potter, L. T. (1974). Effects - 0-bungarotoxin on calcium
uptake by sar-plasm reticulum from rabbit skeletal muscle. Rioche. Siopkys. Res. CoMm.

61:510-516.
Lee. C. Y., and Chang, C. C. (1966). Modes of action of purified toxins from elapid venom on

neuromuscular transmission. Aem. ilt. Butanian. Simp. /nt. 33:555-572.
Livengood. D. R., Manalis, R. S.. Donlon. M. A.. Masukawa, L M.. Tobias. G. S.. and Shai, W. (1978).

Blockade of neuromuscular transmission by enzymatically active and inacaeve 0-bunpromein. Proc.
Nall. Aced. Si. USA 7S: 1029-1033.

Ulinas. R.. and Nicholson, C. (1975). Caicium's role in depolarization-ecretion coupling an aequorin study
in squid giant synapse. Proc. Natl. Acad. Sd. USA 71187-190.

NMacDermot, J.. Westpard. R. H.. and Thompson. E. J. (1978). Separation of two discrete proteins with
different synaptic actions. Biochem. J. 173:271-279.

Masukawa. L. M., and Livengood. D. R. (1979). Potentiation of spontaneous transmitter releasmt at the frog
neuromuscular junction by cobalt. Fed. Proc. 30(3):6175.

Meiri. U.. and Rahamimoff. R. (1971). Activation of transmitter releae by strtium and calcium ions at
the neuromuscular junction. J. Physiol. Lod. 21M.709-726.

Miledi, R. (1966). Strontium as a substitute for calcium in the process of transmitter release at the
neuromuscular junction. Nature 2111233-1234.

Miledi, R. (1973). Transmitter release induced by injection of calcium ions in nerve terminals. Proc. Roy.
Soc. Load. 8 13:421-425.

Misler, S.. and Hurlbut. W. P. (1979). Action of black widow spider on quantal release of acetylcholine at
the frog neuromuscular junction: Dependence upon external Mg'*. Proc. Nail. Acad. Sd. USA
76-99I - 995.

Ng. R. H., and Howard, B. D. (1978). De-energization of nesv terminsls by 0-bungSrmotsin. Biochemistry
17:4978-4986.

Oberg. S. G, and Kelly. R. B. (1976). The mechanism of 0-bunprotoxin action. I. Modification of
transmitter release at the neuromuscular junction. J. Neurobi al. 7:129-141.

Ornber. R. L., and Reese, T. S. (1980). A freeze-substitution method for localizing divalent cations;
Examples from secretory systems. Fed. Pror 39-2802-2808.

Politoff, R.. and Pappas. G. (1974). Calcium binding sites ofsynarpic vesicles of frog sartorius neurow'scu-
lar junction. J. Cell Biol. 61:818-427.

Rahamimoff. R.. Erulkar. S. D., Le-Toy. A.. and Meiri. H. (1978a). Intracellular and extracellular
calcium ions in transmitter release at the neuromuscular synapse. AM. N.. Ac d. Sci. 307:583- 197.

Rahamimoff. R.. Meiri. H., Erulkar, S. 0.. and Barenholzy Y. (1978b). Changes in transmitter release
induced by ion-containing lipobome. Proc. Natl. Acd. Sd. USA 75.5214-5216.

Silinl-y. E. M. (1977). Can barium support the release of acetylcholine by nerve impulses? Br. J.
Phwrracol. 29.215-217.

Strong. P., Goerke. J., Oberg. S. G.. and Kelly, R. B. (1976). O-Bunprotouin. a presynaptic toxin aith
enzymatic activity. Proc. Nail Acad. Sci. USA 73:178-182.

Strong. P.. Heuser, J. E., and Kelly. R. B. (1977). Selective enzymatic hydrolysis of nerve terminal
phospholipids by 0-bunproxin: biochemical and morphological studies. In Cellul"r Neurobiolog,.
Proceedings, ICN-UCLA Symposium on Neuroiology--Squaw Valley. Calif.. Feb. 1976 (Z. Hall,
R. B. Kelly. and F. Fox. Eda.). Alan R. Lis New York, pp. 227-250.

Tobias. ,,. S.. Donlon. M. A., Catravas. G. N., and Shain. W. (1978). Purification and biochemical
characterization of an I 1.000-dalton 5-bungarotoin. BIochim. Siopmys. Acra 537:348-357.

Weakly, J. N. (1973). The action .. _!i ion., on neu-nusculsr transmision in the frog. J. Physiol. Lond.
234:597-612.

Wernicke, J. F., Vanker. A. D., and Howari. B. D. (1975). The mechanism of action o( O-bungarotoxin. J.
Neurockem 25:483-496.

ti %


