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Charlton. Promiscuous and reversible blocker of presynaptic calcium
channels in frog and crayfish neuromuscular junctions from Phoneutria
nigriventer spider venom. J Neurophysiol 90: 3529-3537, 2003. First
published July 30, 2003; 10.1152/jn.00155.2003. Peptide channel block-
ers found in venoms of many predators are useful pharmacological
tools and potential therapeutic agents. The venom of the Brazilian
spider Phoneutria nigriventer contains a fraction, w-phonetoxin-11A
(w-Ptx-11A, 8360 MW), which blocks Ca®* channels. At frog neuro-
muscular junctions (NMJ) bathed in normal Ca?* (1.8 mM) saline,
w-Ptx I1A did not affect spontaneous transmitter release but reversibly
reduced evoked transmitter release by 75 and 95% at 12 and 24 nM,
respectively. In contrast, toxin effects were irreversible in low-Ca?*
(0.5 mM) saline. Ca®* imaging in normal-Ca®* saline showed that
w-Ptx-11A partially blocked stimulus-dependent presynaptic Ca®™* sig-
nals, and the blockade was almost completely reversible. Increases in
spontaneous release frequency induced by high extracellular K* were
blocked by w-Ptx-11A. Therefore w-Ptx-11A blocks N-type Ca®* chan-
nels, which admit Ca®* that triggers transmitter release at the frog
NMJ. Additional evidence predicts that w-Ptx-I1lA binds to N-type
C&?" channels at a different site from that of w-Conotoxin-GVIA.
w-Ptx-11A aso gave a low-affinity partial blockade of transmitter
release and presynaptic Ca?* signals at crayfish NMJs where P-type
channels are blocked by w-agatoxin-IVA. The Ca®*-dependent re-
versibility and promiscuity of this toxin may make it highly useful
experimentally and therapeutically.

INTRODUCTION

Natural toxins are useful as blockers of various types of
Ca’* channels. For instance, N-type Ca®* channels can be
blocked by w-conotoxin-GVIA (o-CgTx-GVIA), a toxin
from the marine snail Conus geographus, and P-type chan-
nels are inhibited by w-agatoxin-IVA (w-Aga-IVA), atoxin
from the funnel-web spider Agelenopsis aperta. These
w-toxins bind irreversibly or are slowly reversible (see
review in Olivera et al. 1994). These toxins block transmit-
ter release at the frog neuromuscular junction (NMJ) and at
the mammalian NMJ, respectively, where N- and P-type

channels admit Ca?" to trigger transmitter release (see re-
view in Meir et al. 1999). Because they have affinity for
distinct types of Ca’" channels, each toxin alone cannot
eliminate Ca?* influx at synapses where there are multiple
types of Ca?" channels. For instance, although one of either
N- or P/Q- type Ca?" channels usually contributes at each
type of nerve terminal, it is known that many nerve termi-
nals possess more than one type of Ca?" channel (for
reviews, see Fisher and Bourque 2001; Meir et al. 1999). In
the study of Ca®"-dependent processes, it would thus be
advantageous to employ a nonselective, aswell asreversible
and impermeant, channel blocker. This study describes
physiological effects on transmitter release of such a
Ca’"channel blocker obtained from the venom of the South
American armed spider, Phoneutria nigriventer.

The venom of P. nigriventer contains many peptides with
distinct pharmacological actions that can block Na*, K™, and
Ca®" channels (Araujo et al. 1993; Figueiredo et a. 1995; and
reviewed in Gomez et a. 2002). A fraction of the venom called
PF3 blocked brain dopamine release (Troncone et a. 1995) and
blocked acetylcholine (ACh) release at the mouse NMJ (Souc-
car et a. 1995). The effect of PF3 at mouse NMJs was
antagonized by increased concentration of extracellular Ca®",
and it was hypothesized that PF3 blocks presynaptic Ca?™*
channels. Two other toxins, which have been isolated from the
same spider venom and are likely to be the same as PF3, are
known as PhTx3—4 and w-phonetoxin-11A (w-Ptx-11A). Hence-
forth we will refer to PF3 as w-Ptx-11A. PhTx3-4 blocks ACh
release and PhTx3—4/w-Ptx-11A blocks N-type Ca?* channels
in rat dorsal root ganglion neurons and L-type channels in rat
pancreatic B cells (Cassola et a. 1998; Cordeiro et al. 1993;
Gomez et a. 1995). While w-Ptx-11A blocks Ca?" channelsin
neurons, the mechanism of blockade of synaptic transmission
is unknown.

The present study characterizes the mechanism of w-Ptx-11A
toxin action at intact synapses. We demonstrate that w-Ptx-11A
partially blocks stimulus-dependent Ca2* signals in presynap-
tic terminals containing either N- or P-type Ca®* channels. At
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the frog NMJ, the block of presynaptic N-type channels by
w-Ptx-11A was quickly reversible when the physiological saline
contained 1.8 mM Ca®", but was practically irreversible under
low extracellular Ca®" (0.5 mM) conditions. w-Ptx-11A did not
block binding of w-CgTx-GVIA. Finaly, we show that w-Ptx-
1A also blocks presynaptic P-type channels in an arthropod.

METHODS
Venom and toxin

Purification of the w-Ptx-11A toxin originaly caled PF3 is de-
scribed elsewhere (Troncone et al. 1995). Briefly, spider venom was
obtained in the Laboratory of Arthropods of the Butantan Institute
(Sao Paulo, Brazil) by electric milking, desiccated, resuspended in 2%
(vol/val) acetic acid, centrifuged to remove solids and applied to a
Sephadex G50f chromatographic column. Fractions carrying the char-
acteristic flaccid paralysis activity were pooled and lyophilized, re-
suspended in water and submitted to RP-HPLC using a uC18
Boundapack column with linear gradient of trifluoroacetic acid (0.1%
in water, vol/vol) and acetonitrile (90% in phosphoric acid, vol/vol).
The gradient ran from 5-35% of acetonitrile in 20 min. The w-Ptx-
I1A/PF3 toxin obtained showed only one chromatographic peak and
one amino-terminal amino acid. Further chemical identification by
mass spectrometry resulted in the characteristic values of m/z of 1394,
1195, and 1046 corresponding to 6—8 protons, respectively, compat-
ible with a molecular weight of 8,360. Cassola et al. (1998) described
the full sequence of this toxin and caled it w-Ptx-11A. The primary
sequence of w-Ptx-11A isidentical to PF3 (amino acids 15 and 19 were
mistyped in Troncone et al. 1995). Furthermore, electron-spray mass
spectrometry revealed the same molecular mass obtained by Cassola
et a. (1998), and we now refer to PF3 as w-Ptx-11A. While o-Ptx-11A
and w-AgalllA have 49% amino acid identity, w-Ptx-l11A has 14
cysteines, probably forming seven disulfide bridges whereas w-Aga-
I11A has only six disulfide bridges (Cassola et al. 1998; Venema et al.
1992). Another toxin that is probably identical to w-Ptx-11A is called
Tx3—4 (Cordeiro et al. 1993; see Cassola et a. 1998). For information
on availability of w-Ptx-11A please contact L.R.P. Troncone.

Electrophysiology

All frog (Rana pipiens) experiments were performed on the cuta-
neus pectoris nerve-muscle preparation. Animals were maintained and
killed (by double pithing) in accordance with the recommendations
outlined in the Canadian Council on Animal Care’s Guide to the Care
and Use of Experimental Animals (www.ccac.ca). Electrophysiology
was conducted in normal Ringer solution (normal saline) containing
(in mM) 120 NaCl, 2 KClI, 1.8 CaCl,, 1 NaHCOg, and 5 HEPES. In
some experiments, alow-Ca®* saline was used that contained 0.5 mM
CaCl, and 5 mM MgCl,. The pH was adjusted to 7.2 with NaOH. The
muscle-selective Na™ channel blocker u-conotoxin-GIIA (10 ug/ml;
RBI or Bachem) was sometimes used to avoid contractions in the
normal (1.8 mM)-Ca®* saline (Robitaille et al. 1993). Transmitter
release was assayed by measuring endplate potentials (EPPs) evoked
by nerve stimulation (twin pulses at 100 Hz every 5 s). Standard
electrophysiological techniques using intracellular microelectrodes (3
M KCI, resistance: 1020 M) were employed to record electrical
responses in individual muscle cells caused by transmitter release.
Spontaneous transmitter release was estimated by measuring minia-
ture EPPs (MEPPs). Responses were acquired by a Labmaster DMA
interface and averaged in groups of 6 or 10 by TOMAHACQ, a
PC-based data-acquisition program. MEPPs were recorded onto tape
using a VR10B digitizer (Instrutech) and later analyzed using
ANMEPP software. Both programs were written by T. A. Goldthorpe
(Univ. of Toronto). The dose dependency of w-Ptx-11A blockade was
determined by pooling together data from separate experiments; each
increase in toxin concentration was applied long enough to reach
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equilibrium as established by on-line graphing features in the acqui-
sition software.

The compound EPP (CEPP) from frog muscle was recorded viatwo
platinum recording wires at the bottom of the physiological chamber.
The dorsal side of the muscle was oriented directly over the recording
wires. These electrodes were connected to a differential AC amplifier
(Grass P15) and the CEPP signal was amplified and further processed
by computer. After initially setting up the preparation in continuous
saline flow (1 pass, 0.5 mi/min), flow was stopped and the bath saline
was recirculated with a peristaltic pump. This assured constant mixing
of solution without disturbing microel ectrode recordings as the toxins
were added directly to the bath.

Evoked transmitter release from crayfish (Procambarus clarkii)
NMJs was measured as excitatory junction potential (EJP) amplitude
(Hua et al. 1998). Experiments were conducted on the opener muscle
of the first walking leg of small (5 cm) crayfish (Wojtowicz and
Atwood 1984). This muscle is innervated by a single excitatory axon
and a single inhibitory axon, the former of which was separated from
the rest of the nerve bundle at the meropodite segment. All other
nerves were cut to ensure that only the selected axon was stimulated.
Crayfish saline contained (in mM) 205 NaCl, 5.4 KCl, 13.5 CaCl,, 2.7
MgCl,, 10 p-glucose, and 10 HEPES (pH adjusted to 7.4 with NaOH).
In low-Ca?* (2.0 mM) crayfish saline, equinormal NaCl was substi-
tuted for CaCl,, and when applied, the bathing saline volume was
exchanged several times to ensure equilibration. In recordings of
spontaneous miniature EJPs (MEJPs), 10 uM picrotoxin (Sigma) was
added to block GABA receptor-mediated miniature inhibitory poten-
tials (Takeuchi and Takeuchi 1969).

Nerve terminal Ca®* imaging

Excised frog nerve-muscle preparations were pinned into specialy
adapted 25-mm petri dishes containing two wells, one 15-mm square
and the other 4-mm square, both 4 mm deep. The wells were formed
by two plastic blocks inserted into the uncured silicone elastomer
(Sylgard; Dow Corning) poured into a petri dish. After the Sylgard
cured, the plastic blocks were removed thus leaving the two wells.
The muscle was pinned into the larger well containing frog Ringer
solution, and the attached cut end of the nerve was submerged in the
adjacent well containing a5 mM solution of fluorescent Ca®* indi-
cator Ca®" Green-1 dextran 3000 MW (K, 260 nM; Molecular
Probes, Eugene, OR). The end of the nerve was cut again while
submerged in this solution. The petri dish was covered and nerve
terminals were alowed to load with fluorescent indicator overnight
(14 h at 15°C) by forward (anterograde) filling. Frog muscle contrac-
tions were eliminated using the acetylcholine receptor blocker a-bun-
garotoxin (5 ug/ml). For crayfish preparations, Ca?* Green-1 dextran
was microinjected directly into excitatory axons and allowed to dif-
fuse into synaptic boutons (Hua et al. 1998). Ca®* responses were
obtained over a range of stimulation frequencies (20, 40, and 60 Hz
for frog NMJsand 5, 10, 20, and 30 Hz for crayfish NMJs), and within
these frequency ranges the response size increased with frequency.
Thus our conclusions can be made from the lower frequency datawith
the assurance that the indicator was not saturated.

Nerve terminals were examined with a water immersion objective
(x40, 0.55 NA, Nikon) on a Biorad 600 confocal laser-scanning
microscope configured to deliver 488 nm wavelength excitation and to
detect emission >500 nm. Photomultiplier gain and black level set-
tings were held constant between repetitions. Fluorescence intensity
was averaged for the area of interest, and Ca?" signals were expressed
as a relative change in fluorescence intensity using the formula AF/
Frﬁ)/Frﬁ'

F= (Fstimulation -

Data analysis

Data are presented as means = SE. Normalization of data were
based on baseline measurements obtained over a 5- to 10-min period
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prior to start of each experiment. Statistical significance was evaluated
using Student’s t-test (P < 0.05).

RESULTS
w-Ptx-11A blocks neurotransmission at frog synapses

Presynaptic N-type Ca?" channels are responsible for trans-
mitter release at frog NMJs (Robitaille et al. 1990). To deter-
mine whether Phoneutria toxin w-Ptx-11A acts at frog NMJs,
we performed electrophysiological recordings on excised cu-
taneus pectoris nerve-muscle preparations. w-Ptx-11A did not
affect the muscle resting membrane potential, which remained
between —70 and —90 mV. w-Ptx-11A blocked the EPP in a
dose-dependent fashion, with an apparent EC5, of ~11 nM
(Fig. 1A; n = 5-7). When w-Ptx-11A was applied at concen-
trations >30 nM, responses were vastly reduced within 5 min
or were eliminated altogether. High-frequency nerve stimula-
tion (100 Hz) failed to reverse the blockade (data not shown).

The blockade of synaptic responses was reversible under
certain conditions. Application of 60 nM w-Ptx-I1A in normal
sdine (containing 1.8 mM Ca?* and u-conotoxin-GIIIA to
block muscle contractions) eliminated EPPSs, on subsegquent
wash with fresh saline lacking u-conotoxin-Gll1A, EPPs reap-
peared and when responses reached alevel (>5 mV) sufficient
to generate muscle contractions, recordings were lost (data not
shown). We next performed similar experiments in low-Ca?™*
(0.5 mM) sdline, a condition in which transmitter release is
reduced and in which muscle contractions do not occur. Figure
1B shows data from a typical experiment performed in low-
Ca?* saline in which EPPs were largely eliminated within a
few minutes of w-Ptx-11A addition (120 nM) but the blockade
did not reverse after washing with fresh low-Ca?" saline (n =
5). In contrast, the blockade was relieved after a wash with
normal saline (1.8 mM Ca2™"). Similar results were obtained in
three experiments and in similar experiments using extracellu-
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lar recordings of the CEPP (Fig. 4A and Table 2). Thus at frog
neuromuscular synapses, w-Ptx-11A is a high-affinity blocker
of synaptic transmission, the actions of which can be reversed
by washing with saline containing sufficient (1.8 mM) Ca?*.

w-Ptx-11A acts at the presynaptic nerve terminal

To help determine the site of w-Ptx-11A action, we studied
its effect on spontaneous neurotransmitter release. When spon-
taneous MEPPs were recorded in normal saline for 30 min
before and after addition of w-Ptx-11A (120 nM), there was no
change in MEPP frequency or amplitude (Fig. 2 and data not
shown). The lack of effect of w-Ptx-11A on MEPPsissimilar to
that observed with »-CgTx-GVIA (personal observations) and
suggests that -Ptx-11A does not affect the postsynaptic muscle
cells and does not by itself ater intracellular [Ca?*]. This
observation contrasts with previous work on mouse NMJs by
Souccar et al. (1995) showing that w-Ptx-1IA reduced both
amplitude and frequency of MEPPs. The difference in the
effect on MEPP frequency may be due to differences in the
membrane potential of the presynaptic terminals as discussed
in Hua et al. (1998). To test further the hypothesis that w-Ptx-
1A acts presynaptically, we examined its ability to interfere
with nerve depolarization-induced increases in MEPP fre-
guency. MEPP frequency was increased by the introduction to
the saline of 8 mM KCI (with equimolar reduction in NaCl to
maintain osmolarity) for 30 min and w-Ptx-l1A was subse-
quently added to the bath for the same period. When K™
concentration was increased, muscle cells were depolarized by
~30 mV and MEPP frequency increased nearly fivefold; sub-
sequent addition of w-Ptx-11A reduced MEPP frequency to
almost that observed originally in normal saline (Fig. 2, n = 3
for each comparison). The data suggest w-Ptx-11A blocks pre-
synaptic voltage-dependent Ca®" channels that were opened by
the high extracellular K™ -induced presynaptic depolarization.

w
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Fic. 1. Dose-dependent and reversible blockade of frog synapses by w-phonetoxin-11A (w-Ptx-11A). A: reduction in amplitude
of evoked synaptic responses (endplate potential, EPP) by w-Ptx-11A at frog neuromuscular junctions (NMJs) in norma saline
(containing 1.8 mM Ca2") and 3.8 uM u-conotoxin-GlIIA to block Na* channel-dependent muscle contraction. Each experiment
was normalized to the EPP amplitude in control saline. The averaged dose-effect curve represents 5-7 experiments in which
increasing concentrations of w-Ptx-11A were applied. Each concentration was applied long enough to reach equilibrium. B: the
blockade of synaptic transmission by w-Ptx-11A is partially reversible in normal- but not in low-Ca?* saline. w-Ptx-11A (120 nM)
was first applied in low-Ca?* (0.5 mM) saline and EPPs were almost totally eliminated. Washing with fresh low-Ca?* saline did

not reverse the blockade (n =

5). However, EPPs were re-established by washing with norma saline (1.8 mM Ca&™").

Representative paired-pulse EPPs obtained before and after addition of w-Ptx-11A and after washout with normal saline are shown
above the graph. No p.-conotoxin-Gl1A was used in this experiment, and the experiment was stopped when contractions appeared
in normal Ca?* saline. Similar results were obtained in 3 experiments (also see Fig. 4A and Table 2).

J Neurophysiol « VOL 90 « NOVEMBER 2003 « WWW.jN.0rg



3532

MEPP frequency (normalized)

Control ®-Ptx-llA Control o-Ptx-lIA
——

Normal Ringer +8mmM K*

FIG. 2. Effect of w-Ptx-1l1A on miniature EPP (MEPP) frequency at frog
synapses. Spontaneous neurotransmitter release frequency was normalized to
control value in normal saline (containing 1.8 mM Ca2"). Under these basal
conditions, addition of w-Ptx-11A (120 nM) did not affect MEPP frequency
(O0). However, in another set of experiments (), when asynchronous release
rate was first increased (by ~5-fold) by application of saline containing 8 mM
K Cl, subsequent addition of w-Ptx-11A significantly (t-test, P < 0.05) reduced
the MEPP frequency to near the level before application of K*. Three exper-
iments were performed for each comparison.

Nerve terminal Ca®" signals are attenuated by w-Ptx-11A
To seek direct evidence of blockade of presynaptic Ca?*
influx, we imaged stimulus-dependent Ca?* signals in nerve

A CONTROL o-Ptx-11A

150 = 150 =

100+ 100

50 =

Ca2* Signal (% AF/F)

TRONCONE ET AL.

terminals. The Ca&’'-sensitive fluorescent dye Calcium
Green-1 dextran was introduced directly into nerve terminals
by anterograde loading through the cut end of the nerve. This
method was superior to introduction of cell-permeant fluores-
cent dyes in that it offered clear and sensitive monitoring of
Ca®" in nerve terminals alone; the indicator does not appear in
other cells such as perisynaptic glia and muscle cells which
aso take up the permeant indicators (Jahromi et al. 1992).
Figure 3A (left) shows Calcium Green-1 fluorescence in a
typical nerve terminal under resting conditions and during
60-Hz nerve stimulation; the graph shows the time course of
the Ca?* signal obtained with 20-, 40-, and 60-Hz stimulation
(10 s each). After addition of w-Ptx-1lA (120 nM), the stimu-
lation-evoked responses in the same termina were greatly
reduced (Fig. 3A, right). Incomplete blockade of the Ca?™
signa is not due to insufficient w-Ptx-1l1A because higher
concentrations also failed to eliminate the signal. The remain-
ing signal was not further reduced by subsequent application of
w-CgTx-GVIA and could therefore be due to another channel
type not blocked by either toxin.

Additional experiments allowed us to conclude that the
remaining nerve terminal Ca®" signals were likely due to
influx of Ca?" because they could be virtualy eliminated in
saline with no added Ca?* (0 mM). The experiment shown in
Fig. 3B reveds that application of w-Ptx-11A (120 nM) atten-
uated the Ca?* responses, and the remaining signal was nearly
eliminated on switching to zero Ca?* saline (containing 120
NM w-Ptx-11A). In the same w-Ptx-11A-treated nerve terminals,
the fluorescence signal was then restored to pretoxin control
levels after washing with normal saline (Fig. 3B, right). A
summary of the Ca®" signal data appears in Table 1. We

FIG. 3.  w-Ptx-11A reversibly reduces nerve
terminal Ca?* signals at frog synapses. Con-
focal images of a nerve termina filled with
fluorescent Ca?* indicator Ca®*-Green-1 dex-
tran. Fluorescence appears in pseudocolor,
where blue, green, and red correspond to in-
creasing Ca?" levels. Bar, 10 um. A, left:
image of Ca®" indicator fluorescence before
and after 60-Hz nerve stimulation for 10 siin
normal (1.8 mM Ca?*) saline. Plotted below
the images is a graph of the Ca®* signal in
response to 20-, 40-, and 60-Hz stimulation
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Time (s)

0

CONTROL o-Ptx-lIA Zero Ca?*
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(blue, green, and red circles, respectively). A,
right: corresponding images and plot of Ca®*
signals asin left side, after addition of w-Ptx-
I1A (120 nM, 20 min). Note that w-Ptx-11A did
not affect the resting Ca?* fluorescence but
reduced the nerve stimulation-evoked signals.
Similar results were obtained in four separate
nerve-muscle preparations. B: recovery of
Ca®" signals after application of w-Ptx-11A.
Images show fluorescence changes to 60-Hz
nerve stimulation in control normal saline, sa-
line containing 120 nM w-Ptx-11A, after wash-
ing with 0 mM [Ca?*] saline and after return

15 20 25

Normal Ca?*

_ 1504 ig :i 150+ 150 150 to normal Ca?* saline (20 min each). Graphs
s T 20 H below the images show measurements of Ca?*
2c 004 z 100+ 100 100 signals obtained with 20-, 40-, and 60-Hz
y stimulation in the conditions mentioned in the
“ég & 50+ 504 50 50 preceding text. These data show almost com-
0.4 0.4 0 0 plete recovery of Ca?" signals after washout
T T T T of the toxin in normal Ca®" saline. See Table
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TABLE 1. Recovery of calcium signals in frog terminals
from w-Ptx-11A

Calcium Signals by
Stimulation Fregquency

Repetitions
Treatment 20Hz 40Hz 60Hz (n)

Control responses, normal sdine,

%AF/F 64+10 949 114+9 8
w-Ptx-11A, normal saline,

% control 37+ 5 46+5 51*6 8
o-Ptx-11A + zero Ca?* sdline,

% control 2+ 1 4=*1 4+1 2
Recovery in norma saline,

% control 8l+ 6 93+x5 97+x5 5

Summary of Ca®" imaging experiments at frog nerve terminals. Muscle
contractions were blocked by pre-application of a-bungarotoxin, and Ca?*
signals were evoked by successive trains of electrical nerve stimulation at 20,
40, and 60 Hz (10 s each delivered 2 min apart). The first row shows the
average size of the Ca?" signal change obtained in normal (1.8 mM Ca&?™")
saline. All subsequent rows reveal the relative size of the Ca2™ responses under
various conditions, compared to the initial size of control responses. Concen-
tration of w-phonetoxin-11A (w-Ptx-11A) was 120 nM and time between treat-
ments was 20 min. Recovery was assessed after washout of toxin by multiple
volume exchanges with fresh normal saline.

conclude from these data that w-Ptx-I1A blocks neurotransmis-
sion by reversibly interfering with Ca?* influx at presynaptic
nerve terminals.

Do w-Ptx-11A and w-CgTx-GVIA bind to the same site?

To ask whether w-Ptx-1l1A and o-CgTx-GVIA occupy the
same site on the Ca?* channel, we performed a competition
experiment. The experimental design relied on the differential
recovery of the two toxins, namely that the blockade by w-Ptx-
1A, but not that of w-CgTx-GVIA, can be washed off in

A
120 5 o-Ptx-llA
v v 0-CgTx-GVIA
100 =
T
.g 80 =
™
60 =
E 0-Ptx-IIA
o
£ 40 A
o o wash w-CgTx-
o 20 ! GVIA
[&] 0 4
Competition
I L) n I 1 I I |
0 2 4 6

Time (hours)

FIG. 4.
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normal saline. If both toxins occupy the same site, then w-Ptx-
1A should reduce the ability of o-CgTx-GVIA to block neu-
rotransmission irreversibly. For these experiments, we used
extracellular recordings of the CEPP because this is more
suitable for long experiments than intracellular recordings. The
CEPP is an average response from many endplates. First, a
muscle was exposed to a very high concentration of w-Ptx-11A
(2.2 uM) for 30 min; thisis longer than necessary to achieve
a complete blockade of the CEPP. Then, an equimolar concen-
tration of w-CgTx-GVIA was added to the bath, and both
toxins were allowed to compete for 2 h. Subsequently, the
muscle was washed for =2 h with a constant flow of normal
sdline. Nerve stimulation was maintained during the experi-
ment at 5-s intervals. A control muscle was incubated in the
same conditions but only w-Ptx-11A was added, and a second
control muscle was incubated with only »-CgTx-GVIA. These
initial experiments were performed in normal (1.8 mM Ca®")
saline (Fig. 4A). Application of w-Ptx-1IA aone produced a
blockade of synaptic responses that recovered on washout. In
contrast, addition of w-CgTx-GVIA aone blocked responses
irreversibly. When «-CgTx-GVIA was applied after w-Ptx-
I1A, there was no additiona decrease in the amplitude of the
CEPP, and there was no recovery after prolonged washing (see
Table 2, 2nd column, for summary). This result indicates that
w-CgTx-GVIA was able to bind to channels in the presence of
w-Ptx-11A as if the two toxins do not share the same binding
site. However, the fact that effects of w-Ptx-1lA are readily
reversible in normal saline (1.8 mM Ca?*) raises the possibil-
ity that w-Ptx-1IA constantly binds and unbinds under these
conditions. If w-Ptx-l11A and »-CgTx-GVIA share a binding
site, then w-CgTx-GVIA may have the opportunity to bind
irreversibly every time w-Ptx-I1A unbinds.

To examine binding sites in more detail, we performed
similar experiments in low-Ca?* saline conditions, in which

B
120 5 w-Ptx-lIA
v v 0-CgTx-GVIA
100 <
5 \
.g 80 o
= w-Ptx-11A
£ 60 - wash
= normal
£ 40 wash €37
low
o
a 20 4 Ca* 0-CgTx-
g . } GVIA
Competition
L] L] L] L] L] L] L] 1
0 2 4 6

Time (hours)

w-Ptx-11A does not prevent action of w-conotoxin-GVIA (w-CgTx-GVIA) at frog synapses. Extracellular recordings of

the compound EPP (CEPP, 0.2-Hz nerve stimulation) illustrating that blockade by w-Ptx-11A is reversible whereas that of
»-CgTx-GVIA isirreversible. A: for the 3 experiments shown, normal-Ca?* saline was used, and time of toxin application and
wash is shown with arrowheads. In 1 experiment, w-Ptx-11A (1.2 uM) was applied, CEPPs disappeared and when «-Ptx-11A was
washed off synaptic responses reappeared. In another experiment, »-CgTx-GVIA (1.2 uM) was applied; CEPPs disappeared but
hardly recovered after washing. In the competition experiment, »-CgTx-GVIA was added 30 min after w-Ptx-11A, and evoked
responses did not recover even after prolonged wash. B: similar experiments as in A with the exception that saline contained low
(0.5 mM) Ca?* during baseline recordings, toxin application and 1st wash. With low Ca®* washing, toxin effects did not reverse.
When subsequently washed with normal (1.8 mM) Ca®* saline, CEPPs returned in o-Ptx-11A-treated synapses but not in those
treated with »-CgTx-GVIA done or with o-Ptx-11A + »-CgTx-GVIA (competition). Data summary for part A and B appear in

Table 2.
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TABLE 2. Recovery of neurotransmission from w-Ptx-11A
and/or »-CgTx-GVIA

Normalized
Compound Endplate
Potential Amplitude

Applied and Applied and
Washed in Washed in Low
Normal Ca2" Ca" (0.5 mM) — Followed
Toxin Treatment (L8 mM), % by Normal-Ca?* Wash, %
w-Ptx-11A alone 48(3) 1-65(2)
w-CgTx-GVIA aone 5(2) 0-5(1)
0-PX-1IA + o-CgTx-GVIA 3(3) 0—0(2)

Second column shows a summary of experiments shown in Fig. 4A in which
toxin binding sites on N-type Ca?* channels at frog neuromuscular junctions
(NMJs) were studied. Numbers represent percent recovery of control ampli-
tude. Data show effect of toxins on synaptic responses in norma (1.8 mM
Ca?") saline, conditions in which w-Ptx-11A blocks reversibly. Either o-Ptx-
1A (1.2 uM) alone, w-conotoxin-GVIA (w-CgTx-GVIA; 1.2 uM) aone, or
w-Ptx-11A followed by »-CgTx-GVIA were applied to block neurotransmis-
sion. Subsequent washout of toxins was performed by perfusing fresh normal
sdline. Third column shows a summary of experiments shown in Fig. 4B in
which toxins were applied to NMJ preparations in low (0.5 mM)-Ca2" saline
and subsequently washed in low-Ca?* saline that does not displace w-Ptx-11A
from N-type channels. A final wash was performed in normal saline. Numbers
represent percent recovery with respect to control amplitude established in
low-Ca2" saline. Note that for all experimentsin the second and third columns,
toxins reduced neurotransmission to <1% of initial control levels.

w-Ptx-11A blocking effects areirreversible. In these conditions,
the ability of w-CgTx-GVIA to find a binding site vacated by
w-Ptx-I1A would be vastly decreased. In these experiments,
there was no recovery of synaptic responses after sequential
application of both toxins and washing with low-Ca?* saline
(Fig. 4B; also see Table 2, 3rd column, summary). However,
when washed with normal saline, which displaces the w-Ptx-
I1A, there again was little recovery of synaptic responses. This
result indicates that w-CgTx-GVIA was able to bind under
conditions that prohibit unbinding of w-Ptx-11A, and therefore
it is likely that the two toxins bind to different sites.

Effects of w-Ptx-11A at crayfish synapses

We next tested the effects of w-Ptx-11A at crayfish NMJs
where neurotransmitter release is blocked by w-agatoxin-IVA
(Arague et al. 1994; Wright et al. 1996) and is likely to depend
on P-type Ca?" channels. In normal crayfish saline (13.5 mM
Ca?"), a0.5 uM concentration of w-Ptx-11A reduced synaptic
responses to 35% of control, but EJP amplitude was drastically
reduced when the toxin was applied at 1.2 uM (Fig. 5A, n =
8). When applied at 1.2 uM, 50-Hz stimulation could not
restore neurotransmission (Fig. 5A), but the effect of w-Ptx-11A
was easily reversible by washing in toxin-free saline for 5 min
(datanot shown). Additional observationsindicated that w-Ptx-
I[IA did not affect the presynaptic action potentials or the
amplitude of spontaneous miniature EJPs recorded from mus-
cle (n = 9, 3 respectively, data not shown). These findings
reveal that w-Ptx-11A works presynaptically in crayfish as it
does at frog nerve terminals.

Although a higher concentration of toxin was required to
block neurotransmission at crayfish synapses than at frog
NMJs, the lower sensitivity could be due to the presence of
P-type Ca?* channelsinstead of N-type channels or could also
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be due to the higher Ca®" concentration (13.5 mM) in the
crayfish saline. To examine this further, we next constructed a
dose-response curve in normal crayfish saline and in saline that
contained only 2.0 mM Ca?*. This analysis showed that the
EC, Was 120 nM in 2.0 mM Ca?* saline and 360 nM in 13.5
mM Ca* saline (Fig. 5B). The former vaue is ~10-fold
greater than that observed at frog NMJsin similar extracellular
Ca®" conditions. Thus the lower sensitivity of crayfish syn-
apses to w-Ptx-11A may be due to the presence of P-type Ca?™*
channels instead of N-type channels at active zones.

To establish the mechanism of action of w-Ptx-11A at cray-
fish NMJs, we performed Ca?" imaging experiments (Hua et
al. 1998). The fluorescent indicator Calcium Green-1-dextran
was introduced by microinjection directly into crayfish axons
and allowed to accumulate at synaptic boutons (Fig. 6A). The
increase in Calcium Green-1 fluorescence was monitored dur-
ing short trains of stimuli at 5, 10, 20, and 30 Hz. Simultaneous
electrophysiological recordings revealed that at all frequencies
tested, the EJP was completely blocked during the tetani (Fig.
6A). The graph in Fig. 6B shows that w-Ptx-l11A (1.2 uM)
reduced Ca?* signals at 5 Hz but had progressively smaller
effects as frequency was increased to 30 Hz (data shown
represents mean of 6 experiments). The Ca®" signals were
completely blocked when preparations were bathed in crayfish
sdline containing zero Ca®" and 1 mM EGTA (n = 5). There-
fore while w-Ptx-11A does block presynaptic Ca?™* signals, this
block is incomplete and is frequency sensitive.

A >
E

ZOmS‘- W
kark Control

m-Ptx-11A
B
100 4
Q
o
2 %9 @ 2.0 mMCa?
a O 13.5 mM Ca?*
E
q 60 -
o
-
w 40 4
)
-
=
o 20 4
Q
=2
0+
0.0 0.5 1.0 1.5 2.0

®-Ptx-1lA concentration (pM)

FIG. 5.  w-Ptx-1IA blocks crayfish neuromuscular synapses. A: 2 sets of
representative data showing excitatory junction potentials (EJPs) evoked by
50-Hz nerve stimulation of crayfish NMJ under control conditions and during
exposure to 1.2 uM w-Ptx-11A. EJPs were recorded at the beginning (left) and
end (right) of a train of stimuli lasting severa s. Fecilitation of EJPs was
evident in control saline (compare left to right) but EJPs were not detectablein
the presence of w-Ptx-11A. Experiments were performed in normal crayfish
saline containing 13.5 mM Ca?*. B: dose-response curves comparing efficacy
of w-Ptx-11A action at crayfish synapses in saline containing 2.0 and 13.5 mM
ca&t (n = 8).
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w-Ptx-11A Reduces Ca®* signals in crayfish nerve terminals. A: graph shows Ca®" signal obtained during 20-Hz nerve

stimulation under control conditions (@) and after addition of 1.2 uM w-Ptx-11A (a). Top inset: arepresentative image of fluorescent
Ca?" indicator Calcium Green-1-dextran at crayfish presynaptic boutons loaded via direct injection into axons. Bottom inset:
simultaneously obtained electrophysiological recordings from same muscle fiber before and after toxin application. Note absence
of detectable EJPs in the presence of w-Ptx-11A (bottom records); al that remain are the stimulus artifacts. All data are from the
same muscle fiber bathed in normal crayfish saline. B: frequency-dependent attenuation of Ca2* signals by w-Ptx-11A. Ca2*
responses caused by presynaptic nerve stimulation for 10 s at the indicated frequencies were measured before and after application
of 1.2 uM w-Ptx-11A. The effect of w-Ptx-1lA was about threefold greater at 10 than at 30 Hz (n = 6).

DISCUSSION

The present data show that w-Ptx-11A blocks neurotransmit-
ter release by blocking stimulus-dependent Ca?* entry in intact
presynaptic terminals. A direct measurement of intracellular
Ca?* by fluorescent imaging showed great reduction in stim-
ulus-dependent signals in presynaptic terminals. Furthermore,
w-Ptx-11A did not block presynaptic action potentials because
after application of w-Ptx-1IA to block transmitter release,
these were unaffected in crayfish NMJs and partiad Ca?* sig-
nals were still detected in frog terminals. Because w-Ptx-11A
did not ater the amplitude of spontaneous synaptic potentials,
it does not block postsynaptic ACh (frog NMJ) or glutamate
(crayfish NMJ) receptors. There could be other effects of this
toxin on Ca?* signaling that could not be detected with our
assays.

Previous work showed that w-Ptx-11A is effective in mam-
mals. For instance intraperitoneal injection of 3 ug of w-Ptx-
[1A in 25 g mice causes flaccid paralysis and death (Rezende et
al. 1991). At mouse phrenic-hemidiaphragm NMJ (Souccar et
al. 1995) and rat brain striatal tissue (Troncone et al. 1995),
w-Ptx-11A caused strong blockade of neurotransmitter release.
Both of these effects are likely to be due to blockade of P-type
Ca?* channels that normally cause transmitter release at the
mammalian NMJ (Katz et al. 1997; Meir et al. 1999; Protti et
al. 1996; Sugiura et al. 1995) as well as in brain tissue (Car-
valho et a. 1995; Kimura et a. 1995). In addition to N- and
P-type channels, w-Ptx-11A blocks L-type Ca®* channels ex-
pressed in cultured undifferentiated PC12 cells (Wolff et al.
1997) and in rat dorsal root ganglion cells (Cassolaet al. 1998).
Although o-Ptx-11A/Tx3—4 partialy blocked “°Ca?" influx in
synaptosomes depolarized by Tityus scorpion toxin (Miranda et
a. 2001), it is not clear that this influx is connected to Ca®*
channels that trigger exocytosis or that would be opened by
action potentials.

Reversible action of w-Ptx-11A at frog neuromuscular
synapses

To characterize the potency of w-Ptx-1lA at frog NMJs, a
dose-response relationship was constructed by adding increas-

ing amounts of w-Ptx-I1A to normal saline. An approximate
EC, of 11 nM was obtained (Fig. 1A). Similar EC, values for
w-CgTx-GVIA at frog NMJ have been obtained by others
(Katz et al. 1995; Sano et al. 1987; Zengel et a. 1993). Thus
w-Ptx-11A is a high-affinity blocker of N-type Ca?* channels.
w-Ptx-11A did not alter spontaneous release at frog NMJs but
blocked most of the fourfold increase in frequency induced by
8 mM K™. This observation suggests that w-Ptx-11A blocks
Ca’" channels opened by depolarization but is not displaced by
depolarization.

The blockade of transmitter release by w-Ptx-Il1A was par-
tially reversed after a few minutes of washing in normal Ca?*
saline but was irreversible in low-Ca?" sdine. Owing to the
onset of contractions we could not follow recovery in normal-
Ca®" saline to quantitate the maximal extent of recovery.
However, using Ca®" imaging and a-bungarotoxin to block
muscle contraction, we found that there was 81-97% recovery
of the Ca&?" signa when w-Ptx-IIA was washed off with
normal-Ca?* saline. Therefore w-Ptx-11A has reversible action
at the frog NMJ.

Toxins reveal multiple binding sites on N-type
Ca*" channels

Application of w-Ptx-1IA in low-Ca?* saline conditions, in
which its effects were irreversible, did not prevent the irrevers-
ible binding of w-CgTx-GVIA; reversal of blockade, as ex-
pected for w-Ptx-1lA aone (Fig. 4), did not occur when
w-CgTx-GVIA was aso applied. Thisindicates that binding of
w-Ptx-11A cannot prevent binding of w-CgTx-GVIA and that
therefore the two toxins may bind to different sites on the
channel. On the other hand, Dos Santos et al. (2002) showed
that w-Ptx-11A can totally occlude binding of w-CgTx-GVIA to
recombinant Ca?* channels expressed in baby hamster kidney
cells. The comparison of binding studies on recombinant chan-
nels with our physiological studies is difficult and may be
complicated by differences between channels in different
animals.

Because the amino acid sequences of w-Ptx-I1A and w-Aga
I11A are similar, it may be useful to compare them in regard to
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binding-site specificity. In binding studies with radiolabeled
toxins and rat brain membranes, Adams et a. (1993) demon-
strated that w-Aga-l11A occludes the binding of o-CgTx-GVIA
and w-conotoxin-MVIIC but not w-AgalVA. Furthermore
McDonough et al. (2002) showed that w-Aga-l11A blocked the
ability of w-CgTx-GVIA to block channelsin rat sympathetic
neurons that otherwise would have been blocked; the authors
suggested that w-CgTx-GVIA and w-Aga-ll1A bind to asingle
site on N-type channels to block the channel pore (McDonough
et a. 2002). Therefore our results with w-Ptx-11A and »-CgTx-
GVIA competing for the N-type voltage-operated calcium
channel at frog NMJ suggest differences between w-Ptx-11A
and w-AgalllA or differences between rat and frog N-type
Ca?* channels. It must also be remembered that our assay was
for evoked transmitter release and not binding. Owing to
nonlinearities between Ca®" channel function and transmitter
release, comparisons of these assays are difficult (see review in
Meir et a. 1999). The unbinding of w-Ptx-11A from frog
N-type channels was highly Ca?* dependent. Effects of extra-
cellular divalent ions such as Ca?* on toxin binding and
unbinding have been noted for several toxins including
w-CgTx-GVIA (Liang and EImslie 2002; Wagner et al. 1988;
Witcher et a. 1993).

Action at crayfish synapses

The ECg, for w-Ptx-11A at crayfish NMJwas 120 nM in 2.0
mM Ca&" saline and 360 nM in 13.5 mM C&" saline (Fig.
5B). Araque et a. (1994) found 80% blockade of transmitter
release at crayfish NMJs with 300 nM w-AgaIVA while
Wright et al. (1996) found 100% blockade of presynaptic Ca?*
current and transmitter release by 100 nM w-Aga-IVA. It thus
appears that w-Ptx-11A is a somewhat weaker blocker of cray-
fish presynaptic Ca?* channels than is w-AgalVA. w-Aga
1A, which is structurally similar to w-Ptx-11A, does not affect
transmission at NMJs of houseflies but does block Ca?* chan-
nels in thoracic ganglion neurons of locusts (Bindokas et al.
1991; Ertel et al. 1994; Pocock et al. 1992). Therefore both
toxins can block some Ca?* channels in arthropods.

Calcium signals and multiple channel types

The blockade of presynaptic Ca?* channels by w-Ptx-11A
was demonstrated by Ca?* imaging. While the blockade of
evoked transmitter release at the frog NMJ was complete, the
blockade of stimulation-induced fluorescence induced by
w-Ptx-11A was incomplete (Fig. 3). Similar results were ob-
tained with «-CgTx-GVIA; when this toxin completely
blocked transmitter release the Ca®"-triggered fluorescence
signal was still significant (unpublished observations). In our
previous studies (Robitaille et al. 1993) using the cell-permeant
indicator fluo3-AM, the Ca?* signa was blocked when trans-
mitter release was blocked. This difference may be due to our
use of anterogradely loaded Calcium-Green-1-dextran, which
has a higher affinity (260 nM) than the fluo3 (390 nM) em-
ployed in the earlier study; this would have facilitated the
detection of the remaining small Ca®" signals in the present
study.

Katz et al. (1995) tested the effects of three different toxins
on neurotransmission at frog NMJs. The funnel-web spider
toxin FTX (a polyamine), and w-CgTx-GVIA blocked evoked
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transmitter release but w-Aga-lVA had no effect. The effec-
tiveness of FTX to block transmitter release and to block
partially perineural Ca?* currents at the frog NMJ (Katz et al.
1995) indicates that there is asmall proportion of Ca®" channel
types in addition to N channels at these synapses (see also
Thaler et al. 2001). In our experiments, the persistence of Ca?*
signals when evoked transmitter release had been blocked by
w-Ptx-11A or w-CgTx-GVIA indicates by a different method
that these presynaptic terminals may possess multiple channel
types. However, it is also possible that nonlinearities in the
relation between active zone Ca®* concentration and transmit-
ter release combined with the low affinity of the Ca®" sensor
for transmitter release and partial channel block in normal
Ca?* saline could explain these observations. Similarly, at the
crayfisn NMJ, we found that presynaptic Ca?* signals per-
sisted when transmitter release had been blocked by w-Ptx I1A.
Rathmayer et al. (2002) found that there are at least two types
of channels sensitive to w-Aga-IVA and w-CgTx-GVIA that
contribute to evoked transmitter release at crab NMJs. Simi-
larly at crayfish motorneuron cell bodies, Hong and Lnenicka
(1997) found that when Ba®" replaced extracellular Ca?™",
w-Aga-1VA blocked only 33% of the current, but the remain-
der was not blocked by w-CgTx-GVIA or nifedipine. However,
at presynaptic terminals of crayfish neuromuscular junctions,
Wright et al. (1996) found no effect of w-CgTx-GVIA on
presynaptic Ca®* current or transmitter release but total block-
ade with 100 nM w-Aga-IVA. Therefore participation of mul-
tiple channel types at crayfish NMJs remains somewhat con-
troversial.

Summary

The work here is the first direct demonstration that w-Ptx-
IIA blocks presynaptic Ca®" channels associated with trig-
gered exocytosis. The results presented here indicate that in
addition to its known effects in mammals, w-Ptx-11A is aso
active in lower vertebrates and arthropods. Therefore w-Ptx-
[IA is a broad-spectrum reversible Ca?" channel blocker. This
toxin might be useful in pain or stroke trestment where block-
ade of multiple channel types could be beneficial (see reviews
by Mclntosh and Jones 2001; Scott et a. 2002). In basic
science experiments, this toxin may be useful to block revers-
ibly transmitter release or ion currents that are evoked by
action of multiple Ca?" channel types (see review by Fisher
and Bourque 2001).

Physiological experiments were performed by L.R.P. Troncone, S.-Y. Hua,
D. Elrick, and J. Georgiou in the laboratory of M. P. Charlton at University of
Toronto.
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