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Abstract: The changes in ionic permeability induced by 
the application of ~-latrotoxin to NG108-15 neuro- 
blastoma x glioma cells were examined using the nys- 
tatin perforated-patch technique for whole-cell record- 
ing. Complex single channel activity appeared in the 
plasmalemmas after delays that ranged from 1-20 mix 
in Krebs'  solution. The conductance of a channel fluc- 
tuated among at least three broad, approximately equi- 
spaced bands, the maximum conductance being about 
300 pS, and the reversal potential approximately 0 mV. 
The channels were permeable to Na +, K +, Ca 2+ and 
Mg 2+, poorly permeable to glucosamineH + and CI- ,  
and were blocked by La 3+. The channels stayed fully 
open in CaZ+-free solutions with 4 mM Mg 2+, in solu- 
tions with no divalent cations and in solutions with 2 
mM Ca 2+ and 96 mM Mg 2+. They opened infrequent- 
ly if both internal and external C1- were replaced by 
glutamate-.  If oc-latrotoxin opened similar channels in 
nerve terminals, the flux of ions through them could ac- 
count for the massive release of neurotransmitter in- 
duced by the toxin. 
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Introduction 

ct-Latrotoxin (ct-LTx) is the major toxic protein in the 
venom glands of the black widow spider, L a t r o d e c t u s  
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m a c t a n s  t r e d e c i m g u t t a t u s ,  and it accounts for the prin- 
cipal effects of a homogenate of these glands on the cen- 
tral and peripheral synapses of vertebrates (Frontali et 
al., 1976; Rosenthal & Meldolesi, 1989). ~-LTx acts 
selectively at nerve terminals where it causes the mas- 
sive release of a variety of neurotransmitters and, under 
appropriate conditions, the loss of the small clear synap- 
tic vesicles (Clark et al., 1970; Longenecker et al., 1970; 
Clark, Hurlbut & Mauro, 1972; Frontali et al., 1976; 
Tzeng & Siekevitz, 1979b; Ceccarelli & Hurlbut, 1980; 
Matteoli et al., 1988). The receptor for oc-LTx, which 
is confined to the nerve terminals (Tzeng & Siekevitz, 
1979a; Valtorta et at., 1984), has been purified (Scheer 
& Meldolesi, 1985) and its predicted amino acid se- 
quence determined (Ushkaryov et al., 1992). 

The binding of cx-LTx to its receptor is necessary 
for its action in situ, since the toxin affects only those 
tissues which bear the receptor for it (Rosenthal & Mel- 
dolesi, 1989). However, binding is not sufficient for ac- 
tion because transmitters are not released when the tox- 
in binds to its receptor on cells bathed in solutions with 
La 3+, or in solutions without divalent ions (Misler & 
Hurlbut, 1979; Scheer, 1989; Rosenthal et al., 1990). 
Since ~-LTx forms nonselective cation-specific chan- 
nels of high conductance through simple planar lipid bi- 
layers (Finkelstein, Rubin & Tzeng, 1976), or through 
bilayers that contain its receptor (Scheer, Prestipino & 
Meldolesi, 1986), the toxin-receptor complex at nerve 
endings might form similar channels through the ax- 
olemma, and the flux of cations through them causes the 
effects of the toxin. To date, however, ~-LTx-induced 
ion channels have been observed only in differentiated 
PC-12 cells in culture (Wanke et al. 1986). Those chan- 
nels resemble the channels in the bilayers in that they 
are nonselective and permanently open, but their unitary 
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conductance is only about 15 pS, much lower than the 
65-300 pS unitary conductance measured in bilayers. 
c~-LTx stimulates transmitter release from many, but not 
all (Grasso et al., 1980) preparations, when they are 
bathed in Ca2+-free solutions (Longenecker et al., 1970; 
Frontali et al., 1976; Ceccarelli & Hurlbut, 1980; Mel- 
dolesi et al., 1983; Fesce et al., 1986), provided that oth- 
er divalent cations are present at millimolar levels (Mis- 
ler & Hurlbut, 1979; Misler & Falke, 1987; Rosenthal 
et al., 1990). Moreover, the concentration of Ca 2+ in- 
side synaptosomes, as measured by Fura-2 fluorescence, 
does not rise when transmitter release is stimulated in 
these Ca2+-free solutions (Meldolesi et al., 1984). 

Recently, it was found that the purified receptor for 
(z-LTx binds on columns to purified synaptotagmin, an 
integral protein in the membrane of synaptic vesicles, 
and it was suggested that these two proteins normally 
interact in the nerve terminal, possibly contributing to 
the docking of a vesicle at an active zone (Petrenko et 
al., 1991). These observations have prompted the idea 
that the binding of ~-LTx to its receptor might direct- 
ly trigger the release of a quantum of transmitter from 
a docked vesicle, through an as yet unidentified mech- 
anism (for review, see Petrenko, 1993). 

We show here that the undifferentiated neuroblas- 
toma x glioma hybrid clonal cell line NG108-15 bears 
receptors for c~-LTx, and that the toxin forms complex 
channels of high conductance in the plasmalemmas of 
these cells at concentrations commensurate with the 
dissociation constant of the toxin-receptor complex. 
The gating and permeability properties of these channels 
are such that the flux of cations through them could ac- 
count for most of the effects of the toxin at the synapse, 
if divalent cations other than Ca 2+ are able to stimulate 
transmitter release from toxin-treated terminals. 

Materials  and Methods  

MATERIALS 

c~-LTx was purified from homogenates of venom glands dissected 
from European black widow spiders according to published proce- 
dures (Frontali et al., 1976) and stored at -80~  in small aliquots. For 
the binding experiments, purified c~-LTx was labeled with 125I by ac- 
ylation with the Bolton-Hunter reagent (N-succimidyl-3-(4-hydroxy 
5 [12sI] iodophenyl propionate), 1,500 Ci/mmol, Amersham, UK), fol- 
lowed by chromatography on a Sephadex G-50 column (Pharmacia, 
Sweden). The activity of  the purified unlabeled or labeled toxin was 
tested by measuring its ability to induce release of 3H-dopamine (3.2 
Ci/mmol, Amersham, UK) from rat striatal synaptosomes (Meldole- 
si, 1982). 

Neuroblastoma x glioma NG108-15 cells (mock-transfected 
with the vector pcDNA1) were a gift of Drs Hui-Quan Han and Paul 
Greengard of the Rockefeller University (New York). The cells were 
grown in monolayer cultures using DMEM medium supplemented 
with 10% fetal calf serum, 0.1 mM hypoxanthine, 1 g g  aminopterin, 

16 ~[M thymidine (HAT) and were maintained at 37~ in a humidi- 
fied incubator equilibrated with 95% 02 and 5% CO z. The cells 
were plated either into uncoated 35 mm plastic petri dishes, or into 9 
cm plastic petri dishes that held several 15 mm glass coverslips coat- 
ed with polyornithine, and they were used three to seven days later. 

125I-o~LTx BINDING 

Suspensions of NG 108-15 cells (approximately 107 cells/ml) were ex- 
posed to various concentrations of 125I-labeled ~-LTx (15 gCi/mmol) 
in a medium containing: (raM) NaC1, 125; KC1, 5; MgSO 4, 1.2; 
KH2PO4, 1.2; CaC12, 2; HEPES-NaOH, pH 7.4, 25; and glucose, 1.1 
mg/ml; bovine serum albumin, 10 mg/ml. The incubation was car- 
ried out for 20 min at 37~ in Eppendorf tubes. The cells were sub- 
sequently chilled in ice and centrifuged for 4 min at 10,000 • g. The 
pellets were rinsed once with 500 gl of incubation medium without 
toxin and counted in a Beckman Gamma 4000 spectrometer. To de- 
termine unspecific binding, we preincubated some samples with an 
excess of unlabeled toxin. 

ELECTROPHYSIOLOGY 

We recorded from isolated rounded cells without long processes. 
The nystatin perforated-patch technique for whole-cell recording 
(Horn & Marty, 1988) was used in most of our experiments. The stan- 
dard bathing solution, which is called Krebs, contained (in raM): 
NaC1, 145; KC1, 6.3; NaH2PO 4, 1.2; MgSO 4, 1; CaC12, 2; glucose, 6; 
NaHEPES, 10; pH 7.4. To test the role of the various ions in carry- 
ing the current through the channel opened by ~-LTx, we replaced in 
some experiments most of the NaC1 by isosmotic concentrations of 
glucosamineHC1, KC1, CaCI2, a mixture of MgCI 2 and MgSO 4 (to 
keep CI constant), or MgC12 alone. The stock solution of glu- 
cosamineHCl was titrated to pH 7.0 with NaOH, and it contained 
about 25 mM Na +. HEPES was omitted from the glucosamineH + 
Krebs. No drugs were used, and all experiments were performed at 
room temperature, which ranged from about 20 to about 27~ over 
the course of the year, but varied only about I~ on any given day. 
The pipette solution (Falke et al., 1989) contained (in mM): KCI, 66; 
KaHSO 4, 33; Na2EGTA, 0.6; MgSO4, 1; sucrose, 66; NaHEPES, 21 
(Na +, 9); pH 7.4. A bit of this solution was sucked into the tip of a 
pipette, and the shank was backfilled with the same solution plus nys- 
tatin, 250 ~tg/ml. The stock solution of nystatin in dimethylsulfox- 
ide (DMSO) (50 mg/ml) was prepared fresh each day. The pipettes 
were pulled from Hilgenberg GMSH borosilicate glass by a BB-CH- 
PC Mechanex puller and their resistances ranged from 8-12 Mf~ 
The bath electrode was a chlorided Ag wire that had been pushed in- 
to a short length of polyethylene tubing filled with 166 mM NaC1 plus 
2% agar. After a Gf~ seal had formed between the cell membrane and 
the pipette, the holding potential was set to - 5 0  mV and the perme- 
abilization of the patch monitored with the amplifier 's transient can- 
cellation circuit, and by eliciting currents with voltage pulses over the 
range from - 1 0 0  to +40 mV. Recording was begun when the ac- 
cess resistance to the cell fell below 50 Mf~ and the voltage-depen- 
dent currents seemed stable. This required 30-90 min in the various 
cells. All cells showed voltage-dependent outward currents that 
ranged from 200-1,000 pA at +40 mV, and a few showed inward cur- 
rents that were less than 200 pA in peak amplitude at 0 mV. The elec- 
tromotive forces (EMFs) of the resting cells were measured by ad- 
justing the holding potential until the pipette current became zero. 
Their initial values ranged from about - 3 0  to about - 5 0  mV so that 
a few pA of inward current flowed at the standard holding potential 
of - 5 0  mV. The EMFs tended to decline during the experiments, es- 
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pecially when high concentrations of Ca 2+ or Mg 2+ were applied to 
toxin-treated cells, but the baseline current changed by only a few pA. 

In experiments directed to test the ot-LTx channel permeability 
to C1- ions, the conventional whole-cell technique was used to record 
single channel activity (Fenwick, Marry & Neher, 1982). In these in- 
stances, we tried to replace cell CI-  with glutamate-  ions. The 
pipette solution contained (in mM): Kglutamate,  153; KC1, 4.4; 
Na2EDTA, 2; MgC1 v 1.1; NaHEPES, 5 (Na + 2); pH, 7.4. Some CI 
was retained so that the EMF developed between Ag/AgCI recording 
electrodes could be balanced out. 

The pipette current was recorded continuously at a bandwidth 
of 1 or 2 KHz, and the data were stored on a videotape recorder for 
later analysis by a computer. Voltage-clamp records were obtained 
at a bandwidth of 5 KHz. Each experiment was calibrated by apply- 
ing 25 mV voltage pulses to the EPC-7 model circuit in the whole- 
cell mode (resistance = 0.5 G(~). The VCR output was amplified un- 
til the calibration pulse was 5 V, digitized by a 12 bit A/D converter 
and analyzed using pCLAMP 5.5 software (Axon Instruments, Fos- 
ter City, CA). 

Results 

c~-LTx BINDS TO NG108-15 CELLS AND OPENS 
ION CHANNELS 

Undifferentiated neuroblastoma x glioma NG 108-15 
cells were found to bind iodinated c~-LTx in a specific 
manner. The dependency of the binding on the con- 
centration of c~-LTx is shown in Fig. 1. The binding was 
noticeable already at very low concentrations of the 
toxin and approached saturation above 10 .9 M. Non- 
linear regression analysis of the data indicated the ex- 
istence of 36 + 13 �9 103 binding sites per cell, charac- 
terized by high affinity (K o = 2.16 -+ 0.34 �9 10 .9 M). 

The application of nanomolar concentrations of ~- 
LTx to NG108-15 cells in culture was followed by the 
appearance of bursts of fluctuating inward current that 
usually appeared 1-20 rain after the addition of toxin. 
The fluctuations increased with time if the toxin was left 
in the bath, and they gradually decreased after removal 
of the toxin. These changes in the intensity of the fluc- 
tuations were due to changes in the number of channels 
that were active at any one time in the plasmalemma of 
any one cell. The maximum intensity varied greatly 
from cell to cell, and many of our records were obtained 
from cells with many active channels that passed rather 
large currents. Figure 2 shows records from a cell 
which displayed a minimal response to c~-LTx: a single 
burst of fluctuating inward current (B) began about 20 
min after the toxin had been applied and ended a few 
min later. This was the briefest and most delayed re- 
sponse ever observed, and might be the result of the ac- 
tivity of a single toxin-induced channel on the cell. A 
and B also illustrate the stability of the baseline current 
(about 3 pA inward). Since it changed by less than 1 
pA, no more than one or two 15 pS channels (which 
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Fig. 1. Binding of o~-LTx to NG108-15 neuroblastoma x glioma 
cells. Specific binding of e(-LTx to NG108-15 cells is expressed as 
a function of the toxin concentration. Mixtures containing NG108-15 
cells (107/ml) and various concentrations of [125I]t~-LTx were incu- 
bated for 20 min at 37~ chilled on ice, and centrifuged. The pellet 
was rinsed once before counting the radioactivity in a gamma-counter. 
In the various experiments, unspecific binding ranged between 3 and 
14% of the [~25I]ct-LTx input. The figure illustrates the result of a typ- 
ical experiment (K D, 1.88 �9 10 -9 M; Bma x, 59 femtomol/mg protein). 

would pass <1 pA at - 5 0  mV and be hidden in the 
baseline noise) could have accumulated in the plas- 
malemma during the 20 rain latent period. 

C presents records collected at various times dur- 
ing the burst of current. The current fluctuates among 
at least three diffuse levels, and transitions occur be- 
tween any pair of levels. Since the fluctuations were not 
stationary, and the levels were not clearly resolved, a 
statistical analysis of the transitions was not carried 
out. D and E show that only the fully open state of the 
channel can be defined unambiguously (arrowhead in 
E), and the rest of this report will describe some of the 
gating and permeability properties of this state. 

SOLUTIONS WITHOUT C a  2+ OR DIVALENT IONS OPEN 

THE CHANNELS 

The effects of applying a Ca2+-free Krebs to toxin- 
treated cells are shown in Fig. 3 (A and B). In the cell 
shown in Fig. 3A, the mean current increased during the 
flush, and the fluctuations changed from transient down- 
ward deflections arising from a level near 0 pA to tran- 
sient upward deflections originating from a level near 
100 pA. These changes reversed when Krebs was reap- 
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Fig. 2. The minimal response of a cell to e~-LTx. (A) Control record 
begun while 2 nM o~-LTx was being applied in Krebs (arrow, data read 
at 500 Hz). (B) Record taken about 20 min after toxin was applied, 
showing the burst of fluctuating current that was recorded from this 
cell. (*)Times when a set of voltage pulses (see A, Fig. 3) was ap- 
plied. (C, 1-8) Selected records collected during the burst (data read 
at 4 kHz). Traces 1 and 8 show the baseline currents before and af- 
ter the burst; traces 2 and 7 show current fluctuations at the begin- 
ning and the end of the burst; traces 3 ~  show current fluctuations at 
various times during the burst when most of the full openings oc- 
curred. The baseline is 2.4 pA, and the other levels are 5.2, 11.5 and 
19.3 pA below the baseline. The probability distribution (filled cir- 
cles) of the current during a 42.6 sec interval at the onset of the burst 
is shown in D, and during the period between the two sets of voltage 
pulses in E. The continuous curves are Gaussian distributions with the 
same variance as the baseline, but their position and height were ad- 
justed to fit the rising edge of the data. The mean current is 3.3 pA 
in D and 3.4 pA in E. The mean -+ SD of the baseline current just be- 
fore the onset of the fluctuations was 2.7 -+ 0.9 pA. The open circles 
are the differences between the adjusted baseline and the data, and 
they give the distribution of the fluctuations. In all figures, inward cur- 
rent down and holding potential is - 5 0  mV. The upper line is the ze- 

ro current level, unless indicated otherwise. 

plied. The fluctuations then gradually waned, and when 
the same CaZ+-free solution was reapplied, little hap- 
pened until the current increased abruptly by 15-20 pA 
(right panel), as though a single toxin channel had 
opened. None of these changes in current occurred 
when the CaZ+-free solution was applied to cells that 
had not been exposed to o~-LTx (not shown). 

Figure 3B shows on a faster time base the changes 
that occurred in another toxin-treated cell when the 
CaZ+-free solution was applied. The current began to 
increase after about 25 sec (center panel), and it seemed 
to rise in steps. It began to fall about 45 sec after Krebs 
was reapplied (right panel). No steps are evident in this 
record. 

Similar changes in current occurred when a solution 
with 1 mN EGTA and no divalent cations was applied 
to another toxin-treated cell and then removed (Fig. 
3C). Steps are evident in these records. These changes 
in current did not occur when divalent cation-free so- 
lutions were applied to control cells not treated with o~- 
LTx (see Fig. 4, F and G). 

The cells in Fig. 3 seem to exhibit only a few fluc- 
tuating channels in Krebs, yet when they are bathed in 
CaZ+-free, or divalent cation-free solutions, the steady 
current that finally flows is equivalent to that through 
many channels. 

CURRENT-VOLTAGE RELATION 

Figure 4 shows the currents produced by a set of volt- 
age pulses applied to a cell in Krebs before (B), or af- 
ter (C), it had been treated with c~-LTx. The baseline 
current in the control condition was near 0 pA, and it 
changed by only a few pA when the membrane poten- 
tial was changed from - 2 5  to - 1 0 0  mV. A steady in- 
ward current of about 18 pA developed after the toxin 
was applied, and superimposed on it was a fluctuating 
current of approximately equal amplitude. Apparently 
two channels were present: one which was fully open 
all the time and accounted for the steady component of 
current, and another which fluctuated among its con- 
ductance states and accounted for the fluctuating com- 
ponent of current. Changes in membrane potential 
changed the magnitude of the steady component and the 
amplitude and frequency of the fluctuations (C and D). 
The current-voltage (I-V) relation for the fully open 
fluctuating channel was linear, its reversal potential 
was - 1 mV, and its conductance was 290 pS (E). The 
continually open channel had a similar I-V relation. Its 
reversal potential was +0.3 mV, and its conductance 
was 340 pS. Similar I-V curves were obtained from 
eight cells with eight flickering and two steady channels, 
and their average conductance and reversal potential 
were 330 - 37 pS and - 2 . 9  • 4.5 mV (mean - SD). 

Figure 4 (F-K) shows the effects of membrane po- 
tential on toxin-induced currents in a different cell 
bathed either in a Ca2+-free solution with 4 m s  Mg 2+, 
or in a solution with no divalent cations. The I- V rela- 
tions were linear, the reversal potentials were near 0 mV 
and the conductances were equivalent to 4.7-5.3 fully 
open channels (K). Thus, the lack of Ca 2+ or divalent 
ions does not affect the I-V characteristics of the chan- 
nels. 
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Fig. 3. Effects of Ca2+-free or divalent cation- 
free solutions on toxin-induced current. 
Recordings from three different cells exposed to 
2 nM c~-LTx in Krebs' medium are shown (A-C). 
(A) Left panel: Onset of current 6 min after the 
application of the toxin (data read at 2 kHz). 
Center panel: changes in current caused by 
applying CaZ+-free Krebs with 4 mM Mg 2+ and 1 
mM EGTA (first arrow), and then reapplying 
Krebs (second arrow, data read at 1 kHz). Right 
panel: changes in current when the same Ca 2+- 
free solution was reapplied about 9 min later 
(arrow, data read at 1 kHz). (B) Left and center 
panels: the CaZ+-free Krebs with 4 mM Mg 2+ and 
1 mM EGTA was applied at the arrow and, after 
a delay of about 17 sec, the current increased and 
went off scale; Krebs was reapplied at the arrow. 
Right panel: after a delay of 25 sec, the current 
began to decrease (data read at 4 kHz). (C) Left 
panel: a modified Kxebs with no divalent ions 
and 1 mM EGTA was applied at the arrow. 
Center panel: the record shows the relatively 
rapid increase in current which also went off- 
scale; Krebs was reapplied about 1 min later (not 
shown). Right panel: the current began to 
decrease about 30 sec after the wash, and it 
returned to the baseline level (data read at 4 
kHz). 

PERMEABILITY TO IONS 

Since the reversal potential of the channel indicates 
that it is relatively nonselective, the inward current 
through it should be carried either by Na + flowing in- 
to the cell, or by anions flowing out. Figure 5 shows 
the results obtained when most of the NaC1 of normal 
Krebs was replaced by isosmotic concentrations of glu- 
cosamineHC1, KC1, CaC12, a mixture of  MgClzand 
MgSO 4 (to keep C1- constant), or MgC12 alone. None 
of the altered solutions had strong effects on cells that 
had not been treated with ~x-LTx (not shown). The first 
and last columns in Fig. 5 illustrate the wide variety in 
the kinetic behavior of the channels on various cells in 
Krebs (A-E). 

GlucosamineH + (25 mM Na +) reduces the mean 
current, the magnitude of the fluctuations and the am- 
plitude of the individual openings (Fig. 5A, second and 
third panel). The latter effect is not fully reversible. 
These results indicate that the channels are not very per- 
meable to glucosamineH +, and that Na + carries most of 
the inward current in Krebs. 

Isotonic K + has little effect on the mean current, the 
magnitude of the fluctuations or the amplitude of the in- 
dividual openings (Fig. 5B). The downward movement 
of the baseline is presumably due to the reduction in cell 
EMF caused by K +. Thus, the channel is about as per- 
meable to K + as to Na +, in keeping with the near zero 
reversal potential of the channels. 

Isotonic Ca 2+ reduces the mean current, the mag- 
nitude of the fluctuations and the amplitude of the in- 
dividual openings (Fig. 5C, second and third panel). 
However, since current still flows and the amplitudes of 
the individual openings are reduced only about 50%, the 
channels are permeable to Ca 2+. 

The solution with 110 mM Mg 2+ (constant CI- ,  2 
mM Ca 2+ and 41 mM SO24 -)  increases the mean current, 
but reduces the magnitude of the fluctuations and the 
amplitudes of the individual openings (Fig. 5D, second 
and third panel). The channels are permeable to Mg 2+, 
though the unitary current is reduced by about 60%, and 
high concentrations of this ion seem to act like low 
concentrations of Ca 2+, causing channels to open. How- 
ever, since this MgZ+-rich solution contained 41 mM 
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Fig. 4. Effect of membrane potential on toxin-induced currents. Re- 
sults from two cells treated with 2 nM ot-LTx are shown (all data read 
at 4 kHz). (A) Set of voltage pulses: each pulse is 2 sec in duration, 
and 18 sec elapse between the beginning of the pulse to -25  mV and 
the end of the pulse to - 100 mV. (B) Currents recorded from a cell 
in Krebs before the toxin had been applied. (C) Currents recorded af- 
ter the toxin-induced current had appeared and (D) individual full 
openings (7.2, 14.0, 19.6 and 28.6 pA) of the fluctuating channel at 
the four levels of membrane potential. The horizontal lines in C in- 
dicate the mean currents from which the fluctuations arose (3.4, 17.7, 
30.6 and 42.6 pA). (E) I-V relation for the untreated cell (filled cir- 
cles), the mean of 3-8 fluctuations at each level of potential (open in- 
verted triangles), and the mean current through the continuously 
open channel (filled triangles). The latter current is the difference be- 
tween the lines in C and the filled circles in E. The regression equa- 
tion (least-squares fit) for the fluctuating current is: I = -0.3 + 0.288 
V, where I is the magnitude of the inward current (pA) and V is 
- 1 • (internal potential) (mV). The equation for the steady current is: 
I = 0.1 + 0.335 V. (F-K) Results from a different cell. F and G show 
control currents evoked by the set of voltage pulses applied to the cell 
in Krebs (F), or in a modified Krebs with no divalent cations and 1 
mM EGTA (G), before it was treated with o~-LTx. The broadening of 
the baseline in G is due to indigenous channels which became active 
in this solution. (H and/) Currents after the cell had been treated with 
2 nM a-LTx in Krebs and then, after the channel current had appeared, 
washed first with a Ca2+-free Krebs with 4 mM Mg 2+ and 1 mM 
EGTA (H), and then with the solution without divalent ions (/). The 
lines in H (27, 65, 104 and 152 pA) and I (43, 88, 138 and 187 pA) 
are drawn through the average currents at the four levels of potential. 
Some channels in I dropped out shortly after the potential was raised 
to - 100 mV, and the line is drawn through the initial value of the cur- 
rent. (J) Currents recorded much later in Krebs when the toxin-in- 
duced currents had ceased. The cell recovered completely. (K) 1-V re- 
lations for the averaged currents before o~-LTx was applied (filled cir- 
cles), and for the toxin-induced currents when the cell was bathed in 
the Ca2+-free Krebs with 4 mM Mg 2+ (open triangles) or in the so- 
lution without divalent ions (filled triangles). The toxin-induced cur- 
rents are the differences between the average control currents in K and 
the mean levels in H and 1. The equations for the two regression lines 
are: I = 9.1 + 1.54 V (Ca>-free) and 1 = - 1.8 + 1.76 V (divalent- 
free), where V = - 1 • (internal potential). The reversal potentials (in- 
ternal, referred to the bath) are -6 .0  and + 1.0 mV, respectively, and 
the conductances are 1,540 and 1,760 pS, respectively. 

S O  2 - ,  the  la t ter  ion  m i g h t  h a v e  c o m b i n e d  wi th  Ca  2+ and  

r e d u c e d  its c o n c e n t r a t i o n  e n o u g h  to c a u s e  the  o p e n -  

ings .  
T h e  s o l u t i o n  c o n t a i n i n g  98 mM M g  2+, 2 mM C a  2+ 

and  1 mM S O  2 - (200  m m  C1- )  a lso  i n c r e a s e d  the  m e a n  

c u r r e n t  and  r e d u c e d  the  f l u c t u a t i o n s ,  and  the se  c h a n g e s  

were  r eve r s ib l e  (Fig. 5E, s e c o n d  and  th i rd  panel ) .  W h e n  

150 mM g l u c o s a m i n e H  + was  appl ied ,  the  cu r r en t  qu ick-  

ly fe l l  to a l m o s t  ze ro  (Fig.  5E, l as t  pane l ) ,  d e m o n s t r a t -  

i ng  t h a t  the  i n c r e a s e  in  c u r r e n t  w a s  no t  a n  a r t i f ac t .  

T h e s e  r e su l t s  c o n f i r m  tha t  h i g h  c o n c e n t r a t i o n s  o f  M g  2+ 

o p e n  c h a n n e l s  e v e n  w h e n  C a  2+ is p r e s e n t  at  n o r m a l  

l eve l s .  
F i g u r e  6 ( A - C )  s h o w s  resu l t s  f r o m  an  e x p e r i m e n t  

in  w h i c h  c~-LTx w as  app l i ed  to a ce l l  b a t h e d  in  a m o d -  
i f i ed  K r e b s  w i t h  98 mM C a  2+. T h e  f l u c t u a t i o n s  s e e m  

n o r m a l ,  bu t  r e d u c e d  in  a m p l i t u d e ,  and  the  p r o b a b i l i t y  

d i s t r i b u t i o n  s h o w s  a c l ea r  p e a k  a b o u t  7 p A  a b o v e  the  

ba se l i ne .  T h i s  r e su l t  c o n f i r m s  tha t  the  un i t a ry  c u r r e n t  

t h r o u g h  the  c h a n n e l s  is r e d u c e d  b y  a b o u t  5 0 %  w h e n  98 

mM CaC12 is s u b s t i t u t e d  for  150 mM NaC1. 
D a n d  F s h o w  the  e f fec t s  o f  a m o d i f i e d  K r e b s  w i t h  

98 mM MgC12 on  a ce l l  w i th  a s m a l l  t o x i n - i n d u c e d  cur -  

rent .  T h e  a v e r a g e  c u r r e n t  d id  no t  i n c r e a s e  m a r k e d l y  

w h e n  M g  2+ was  app l i ed  to th i s  cell ,  bu t  the  f l uc tua t i ons  

d i m i n i s h e d  a n d  the  c u r r e n t  se t t l ed  to a r e l a t i v e l y  s t eady  

l eve l  a b o u t  10 p A  b e l o w  the  b a s e l i n e  (E).  W h e n  K r e b s  

was  r eapp l i ed ,  the  c u r r e n t  r e t u r n e d  to the  o r i g i n a l  b a s e -  

l ine  l eve l .  F s h o w s  the  p r o b a b i l i t y  d i s t r i b u t i o n s  o f  the  
c u r r e n t  in  the  M g 2 + - r i c h  so lu t ion ,  and  d u r i n g  the  f ina l  

b a s e l i n e  p e r i o d  a f te r  K r e b s  h a d  b e e n  r eapp l i ed .  T h e y  
are  G a u s s i a n  a n d  the i r  p e a k s  are  s e p a r a t e d  by  4 - 6  pA.  
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Fig. 5. Effects of Na + substitutes on toxin-induced current. Each row of panels shows the effect of a different substitute on a different cell: 
row A, glucosamineH + (150 mM, 2 nM c~-LTx); row B, KC1 (150 raM, 2 nM o~-LTx); row C, CaC12 (98 mM, 0.4 nM ~-LTx); row D, a mixture 
of MgC12 (69 mM) and MgSO 4 (41 mM) to hold CI- constant (2 nM c~-LTx). The panels in column 1 show the onset of the current in Krebs, 
those in column 2 show the changes in current when Na + was replaced (arrows) by the substitute ion, those in column 3 show channel open- 
ings in the Na + substitute, and those in column 4 show openings after recovery in Krebs. Row E shows the effects of a modified Krebs with 
98 mM MgC12 (1 mM SO] , 200 mu  CI-, 2 mM Ca2+). The first panel shows the onset of the current in Krebs (2 nM (~-LTx). The current then 
rose to about 100 pA (second panel), and the Mg2+-rich solution was applied at the arrow. Krebs was reapplied about 2 min later (arrow, third 
panel), and glucosamineH+-Krebs was applied after the current had fallen to about 100 pA (arrow, last panel). The current in high Mg 2+ was 
too large to see openings of single channels. All data read at 4 kHz, with the exception of column 2, A-D read at 2 kHz). 
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Fig. 6. Effects of Ca 2+, Mg 2+ and glutamate on toxin-induced current. (A-C) Onset of toxin-induced current in modified Krebs with 98 mM 
CaC12. This cell had previously been treated with 0.4 nM a-LTx in Krebs, and the cell was washed thoroughly with the same buffer after the 
toxin-induced current appeared. The Ca2+-rich Krebs was applied after these currents had stopped, and then 0.8 nM a-LTx was added. A shows 
the onset of current about 5 min later (data read at 4 kHz), B shows details of the fluctuations, and C shows the probability distribution of the 
current during the burst. The filled circles are the data, the unbroken line is the probability distribution of the baseline current shifted so as to 
fit the rising phase of the data. Its mean is 4.75 pA. The open circles are the difference between the data and the adjusted baseline. The base- 
line current in 98 mM Ca 2+ just before the onset of current was 4.0 + 1.2 pA. (D-F) Effects of a modified Krebs with 98 mM MgC12 on a cell 
with a small toxin-induced current (0.8 nM c~-LTx). D shows the current in Krebs (data read at 4 kHz), and E (data read at 400 Hz) shows the 
changes that occurred when the MgZ+-rich Krebs was applied (first arrow) and then removed (second arrow). A set of voltage pulses was ap- 
plied at the asterisk. F shows the probability distribution of the current in the Mg2+-rich Krebs just before the set of voltage pulses was ap- 
plied (filled squares), after the set of pulses but before the reapplication of Krebs (open circles), and during the final baseline in Krebs (filled 
circles). All data read at 4 kHz. The lines are Gaussian curves fit to the various distributions. Their parameters (mean _+ SD in pA) are: 8.5 + 
1.47 (baseline), 14.8 + 1.44 (Mg 2+ after pulses) and 18.8 -+ 2.00 (Mg 2+ before pulses). (G-/) Currents recorded with a pipette filled with Kg- 
lutamate and no nystatin. G shows the onset of the current in Krebs about 5 min after 0.4 nM c~-LTx was added (data read at 4 kHz), and H 
shows details of the fluctuations. The baseline is 6.4 pA and the three other levels are 5.4, 10.7 and 16.1 pA below this. I shows the probabil- 
ity distribution of the current during the burst. Symbols and lines as in C. The mean of the fitted baseline is 5.65 pA. The baseline current mea- 
sured just before the burst was 5.6 + 1.0 pA. 

This result confirms that 98 mM Mg 2+ opens the chan- 
nels but carries only about one-third the current carried 
by 150 mM Na +. 

The channels formed by c~-LTx in simple planar bi- 

layers have been reported to be highly selective for 
cations over anions (Finkelstein et al., 1976). Therefore, 
it was of interest to test more directly whether the chan- 
nels in neuroblastoma cells were permeable to C1-. 
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Since inward current should be carried by intracellular 
C1- moving out of the cell, we tried to replace cell C1- 
with glutamate- (see Materials and Methods). 

Figure 6 (G-/)  presents results obtained from a cell 
with the conventional whole-cell technique. The cur- 
rent fluctuations seem normal, and the probability dis- 
tribution shows a well-resolved peak about 16 pA above 
the baseline and a diffuse distribution across the inter- 
mediate levels. These results are similar to those shown 
in Fig. 2, and they suggest that internal C1- is not a ma- 
jor current carrier. 

When the solution bathing this cell was replaced by 
C1--deficient Krebs with 150 mM Naglutamate, the 
fluctuations became sporadic and eventually ceased, 
and they reappeared if Krebs was reapplied (not shown). 
Since the fluctuations that did occur in the glutamate 
Krebs were of normal amplitude, it appears that the ap- 
plication of C1--deficient, or glutamate--rich, solutions 
to both sides of the plasmalemma reduces the rate at 
which the channels fluctuate, and eventually prevents 
them from opening. 

La 3+ BLOCKS OR CLOSES CHANNELS 

Figure 7 (A-D) show the effects of 1 mM La 3+ ap- 
plied in a modified Krebs with no PO34- or SO 2 . The 
fluctuations first increased, and then the current fell to 
the baseline level (B). It did not recover during a 5 min 
wash with the PO 3-  and SO 2 --free Krebs, but intense 
fluctuations reappeared about 20 sec after standard 
Krebs was applied (C). Apparently, the PO 34- and 
S O l -  are needed to remove La 3+ that is tightly bound 
to the channels (Scheer, 1989). 

Figure 7 (E-J)  show the results obtained when 1 
mM La 3+ was applied in a solution with 4 mM Mg 2+ and 
no Ca 2+, PO34- or SO 2 - The current fell almost to ze- 
ro about 30 sec after La 3+ was applied, and it rose to a 
level higher than before when La 3+ was removed with 
EGTA (F). La 3+ was reapplied twice more with simi- 
lar results (G-J) .  It obviously blocks or closes the 
channels in CaZ+-free solutions, and its effects are re- 
versible. 

Discussion 

These results show that NG108-15 cells bear receptors 
for c~-LTx and that nonselective, high conductance chan- 
nels are formed in their plasmalemmas at a toxin con- 
centration commensurate with the dissociation constant 
of the toxin-receptor complex in these cells. The affin- 
ity of the receptors is very high (K D = 2 �9 10 -9 M) and 
similar to that reported for the receptors of PC12 cells. 
However, the density of the receptors is approximately 
sixfold higher on NG108-15 cells than on PC12 cells 

(Meldolesi et al., 1983). The conductance of a fully 
open channel is similar to the conductance of the chan- 
nel formed by the toxin in simple planar bilayers 
(Finkelstein et al., 1976) and the channels in the cells 
are permeable to Ca 2+ and Mg 2+ as well as to Na + and 
K +, as are those in the bilayers. However, in neuro- 
blastoma cells the channels exhibit three properties not 
described previously in planar lipid bilayers or in PC- 
12 cells: (i) their conductance usually fluctuates in 
Krebs' solution; (ii) the fluctuations cease and the chan- 
nels become permanently open in Ca2+-free solutions, 
in solutions devoid of divalent cations, or in solutions 
with normal levels of Ca 2+ and high levels of Mg2+; and 
(iii) the channels are blocked by La 3+. These proper- 
ties may be relevant to the pathophysiology of the tox- 
icosis induced by the venom, since each of them can be 
directly related to a feature of the action of the toxin at 
nerve terminals. 

The formation of nonselective, cation-permeable 
channels in a nerve ending would depolarize it and, if 
the depolarization were great enough, block its action 
potential (Longenecker et al., 1970; Nichols et al., 1982; 
Mallart & Haimann, 1985; Wanke et al., 1986). Since 
the channels are permeable to Ca 2+, the cytoplasmic 
concentration of Ca 2+ should rise and quantal secretion 
be stimulated (Grasso et al., 1980; Meldolesi et al., 
1984). If the channels fluctuate, or the fluctuations oc- 
cur in bursts, Ca 2+ might enter the cytoplasm in pulses 
and quanta be secreted in bursts, as occurs at the neu- 
romuscular junction (Del Castillo & Pumplin, 1975; 
Fesce et al., 1986; Ceccarelli, Hurlbut & Iezzi, 1988). 
Agents, such as La 3+, that completely block the chan- 
nels should also block all the other effects of ct-LTx, as 
is observed with rat brain synaptosomes (Scheer, 1989; 
Rosenthal et al., 1990). The effect of millimolar con- 
centrations of La 3+ on the action of c~-LTx at the frog 
neuromuscular junction cannot be studied easily, be- 
cause these concentrations of La 3+ are powerful stim- 
ulants of transmitter release (Heuser & Miledi, 1971; Se- 
gal et al., 1985). Since the channels can open in isotonic 
CaC12, the ability of high concentrations of Ca 2+ to 
suppress the venom-induced quantal secretion at the 
frog neuromuscular junction (Smith, Clark & Kuster, 
1977) cannot be attributed to channel block. 

The large increase in current that occurs when cells 
previously exposed to the toxin in Krebs are bathed in 
Ca 2+- or divalent cation-free solutions suggests that 
many of the toxin molecules that bind to the plas- 
malemma in Krebs do not form ion conducting channels. 
Solutions without Ca 2+ or divalent cations may convert 
such bound but inactive molecules into fully open chan- 
nels, in addition to promoting the opening of already 
fluctuating channels. This opening of the channels may 
explain why Ca2+-free solutions with 4 mM Mg 2+ en- 
hance the deleterious effects of low doses of ~x-LTx on 
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shows the fluctuations in the PO 3 and SO42 -free Krebs (data read at 2 kHz). At the time indicated by the arrow, 1 mM La 3+ was applied and 

the PO 3-  and SO24--free Krebs was reapplied a few min after the current had fallen to near 0 (first arrow in C, data read at 400 Hz). The set 

of voltage pulses was applied at the asterisks, and standard Krebs was applied at the second arrow. D (data read at 4 kHz) shows the currents 

recorded several min later in Krebs. (E-J) Results from another cell which was treated with I mM La 3+ in a modified Krebs with 4 m g  Mg 2+ 

and no PO 3 -,  SO4 a - or Ca 2+. E shows the onset of current in standard Krebs 1-2 rain after 0.4 ng  ot-LTx had been applied (data read at 4 kHz). 

The current then increased steadily, the bath was flushed with a modified Krebs containing 2 mM Ca 2+, 4 m• Mg 2+ and no PO 3 -or  SOl , and 

the current finally leveled off at about 500 pA (F). A modified Krebs with 1 mM La 3+, no Ca 2+, 4 mM Mg 2+ and no PO] or SO42 - was ap- 

plied at the first arrow in F (data read at 1 kHz), and the La 3+ was removed at the second arrow by applying a similar solution with no La 3+ 

and 1 mM EGTA. The La 3+ was reapplied about 1 rain later (arrow, G, data read at 2 kHz). After the current had fallen again almost to zero, 

La 3+ was removed (not shown). A fluctuating current appeared about 50 sec later (H), and it quickly rose in staircase fashion to pass off-scale. 

La 3+ was reapplied (arrow, I, data read at 2 kHz). After the current had fallen to near zero, a modified Krebs (2 mM Ca 2+, 4 mM Mg 2+ and no 
PO] or S O l - )  was applied for 3.3 min (not shown), but the current did not recover. The bath was then flushed with standard Krebs, and a 

fluctuating current appeared about 31 sec later (J). 
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the frog neuromuscular junction, especially its ability to 
block neuromuscular transmission and vesicle recycling 
(Ceccarelli & Hurlbut, 1980; Fesce et al., 1986). When 
low doses of toxin are applied in Krebs, a small num- 
ber of fluctuating channels should form in a nerve end- 
ing, and the average change in its ionic permeability 
should also be small. Under these conditions, enough 
Ca 2+ enters the cytoplasm to stimulate release, but the 
vesicles apparently recycle normally, the average 
change in membrane potential is too small to block the 
action potential and transmission persists (Ceccarelli 
& Hurlbut, 1980). However, if the bathing solution 
lacks Ca 2+ and contains Mg 2+, the fluctuating channels 
would open permanently, inactive channels would be re- 
cruited, and the changes in permeability would be much 
greater. The membrane potential would decrease 
enough to block the action potential, Mg 2+ would en- 
ter the cell through the open channels and stimulate 
transmitter release, and a large influx of Na + and efflux 
of K + would quickly change the ionic composition of 
the cytoplasm and thereby block recycling (Larkin et al., 
1983). 

Although these results are compatible with the idea 
that the entry of Mg 2+ or other multivalent cations in- 
to the cytoplasm through the toxin-induced channels is 
the event that causes the secretion from cells bathed in 
Ca2§ solutions, they do not explain why a variety 
of divalent cations can stimulate release from toxin- 
treated cells, but not from normal cells. These ions 
might be effective in toxin-treated cells simply because 
they accumulate to unusually high levels in the cyto- 
plasm where they stimulate release either indirectly by 
displacing Ca 2+ from internal storage sites, or directly 
by substituting for Ca 2§ in the release process. The lat- 
ter possibility should not be dismissed, since o~-LTx 
does not raise internal Ca 2+ when it stimulates secretion 
from synaptosomes bathed in a Ca2§ solution (Mel- 
dolesi et al., 1984). A further possibility is that the bind- 
ing of cz-LTx to its receptor changes the sensitivity of 
the release process to Ca 2+ and/or makes it more sen- 
sitive to other divalent cations. Indeed, serotonin may 
enhance the secretion of transmitters from crayfish mo- 
tor nerve terminals by increasing the sensitivity of the 
release process to internal Ca 2+ (Delaney, Tank & Zuck- 
er, 1991). 

Based on sequencing data, the c~-latrotoxin recep- 
tor has been proposed to be a member of the family of 
neurexins, neuron-specific proteins which bear some 
homologies to extracellular matrix proteins and which 
are therefore putatively involved in cell-cell interac- 
tions (Uskaryov et al., 1992). These structural charac- 
teristics argue against the possibility that the physio- 
logical function of the receptor in the nerve terminal is 
that of being a channel. Therefore, the molecular mech- 
anism by which binding of o~-LTx to its receptor induces 
the opening of cation channels remains to be elucidat- 
ed. It is possible that the toxin molecule, which is p e r  

se  able to open cationic channels in artificial mem- 
branes (Finkelstein et al., 1976), directly participates in 
the formation of channels in the plasma membrane. 
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