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SUMMARY

«-Grammotoxin SIA is a peptide isolated from tarantula venom
on the basis of its ability to block the voltage-gated Ca?*
channels that mediate glutamate release. To determine the
Ca®* channel subtype selectivity of w-grammotoxin SIA,
whole-cell Ba®* current (Ig,) was measured in cultured rat
hippocampal neurons. Selective Ca2* channel blockers were
used to identify components of I, mediated by Ca2* channel
subtypes. w-Agatoxin IVA at 30 nM, 1 um w-conotoxin GVIA,
and 3 um w-conotoxin MVIIC, applied consecutively, each elic-
ited a fractional increase in the cumulative block of |g,, identi-
fying components of Ig, mediated by P-, N-, and Q-type cal-
cium channels. w-Grammotoxin at 1 um, a maximally effective
concentration, blocked 52% of Ig,. @-Conotoxin MVIIC and the
combination of w-conotoxin GVIA and micromolar w-agatoxin

IVA blocked 52% and 54% of |g,, respectively, and block of Ig,
by w-grammotoxin SIA was mutually occlusive of block of Ig,
by either treatment, both of which block N-, P-, and Q-type
Ca®* channels. The L channel blocker nimodipine produced
identical block of Ig, in the presence and absence of w-gram-
motoxin SIA. These results indicate that w-grammotoxin SIA
blocks N-, P-, and Q-type but not L-type voltage-gated calcium
channels. Block of Ig, by w-grammotoxin SIA was faster in
onset and less sensitive to external divalent cation concentra-
tions than was block by w-conotoxin MVIIC, and it was rapidly
and substantially reversible. Rapid onset, relative insensitivity
to divalent cation concentrations, and reversibility render
w-grammotoxin SIA a useful tool for inhibition of neuronal volt-
age-gated Ca?* channels.

Voltage-gated Ca®* channels convert changes in mem-
brane potential into elevations in cytosolic Ca®*, a biochem-
ical trigger for such diverse processes as neurotransmitter
release (1), regulation of neuronal excitability (2), and acti-
vation of transcription (3). These channels have been classi-
fied into several subtypes on the basis of distinct biophysical
properties and selective pharmacology (4—-8). Some biophys-
ical and pharmacological properties of native channel sub-
types match those of cloned Ca?* channel al subunits (9-
11).

In this report, we use natural toxins to identify Ca®* chan-
nel subtypes in cultured rat hippocampal neurons. Natural
toxins have become indispensable tools for the study of volt-
age-gated Ca®* channels. Three of the four pharmacologi-
cally identified, high voltage-activated, Ca%* channels are
defined by their sensitivity to block by peptide toxins isolated
from natural venoms (6-8, 12). v-CgTx GVIA, isolated from
the venom of the marine snail Conus geographus, was the
first peptide toxin used to pharmacologically identify a CaZ*
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channel subtype (6, 12). Low micromolar concentrations of
«-CgTx GVIA completely, selectively, and irreversibly block
mammalian N-type Ca®?* channels (6, 13, 14), and «»-CgTx
GVIA block demonstrates a role for N channels in the release
of several neurotransmitters (11), including glutamate (15—
18). P-type CaZ* channels are completely blocked by 60200
nM w-Aga IVA, a peptide isolated from the venom of the
funnel-web spider, Agenelopsis aperta (7). P channels also
mediate the release of several neurotransmitters (11), includ-
ing glutamate (16, 18-20).

In several types of neurons, Ca?* channel current not
blocked by dihydropyridine L-type CaZ* channel blockers,
the N channel blocker »-CgTx GVIA, or P channel-selective
concentrations of w-Aga IVA suggests the existence of volt-
age-gated Ca®* channels that are not L-, N-, or P-type (21).
Randall and Tsien (8) have identified five components of
Ca2* channel current in cultured cerebellar granule neurons.
In addition to L- and N-type currents, two current compo-
nents that were differentially sensitive to w-Aga IVA and
exhibited dissimilar inactivation kinetics were clearly distin-
guished. One component was blocked by w-Aga IVA with a K,
of 1 nM and showed little inactivation during a depolarizing
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test pulse, neatly fitting the known characteristics of P-type
current. The second component was blocked by w-Aga IVA
with a K of 89 nM, exhibited marked inactivation during a
test pulse, and was designated Q-type current (8). Q-type
current, like N- and P-type but not L-type current (22), was
further shown to be blocked by w-CmTx MVIIC (8), a toxin
cloned from the marine snail Conus magus. Thus, Ca®* chan-
nel current mediated by Q channels can be pharmacologically
defined as being insensitive to w-CgTx GVIA and P channel-
selective concentrations of w-Aga IVA but blocked either by
micromolar concentrations of w-Aga VIA or by «»-CmTx
MVIIC. Clearly, care must be exercised when distinguishing
between P- and Q-type currents, because no single agent is
selective for either component. Nevertheless, a Q-type com-
ponent of Ca?* channel current has also been identified in
acutely dissociated hippocampal CA3 neurons (23). Complete
block by w-CmTx MVIIC of glutamate synaptic transmission
at the CA3-CAl synapse in the hippocampus but only partial
block by «-CgTx GVIA, with no effect of P channel-selective
concentrations of w-Aga IVA, indicates that Q channels also
mediate glutamate release (17). Clearly, peptide toxins are
essential tools for the study of voltage-gated Ca?* channels,
and either a mixture of selective toxins or a relatively non-
selective toxin such as w-CmTx MVIIC may be required to
pharmacologically eliminate release of neurotransmitter at
many synapses.

»-GsTx SIA is a peptide toxin purified from the venom of
the tarantula spider, Grammostola spatulata, on the basis of
its ability to block depolarization-evoked “*CaZ* influx in
purified rat brain synaptosomes and depolarization-evoked
p-[3H]aspartate release from rat hippocampal slices (24).
Block by w-GsTx SIA of these indirect measures of Ca?*
channel activity suggests that »-GsTx SIA blocks the volt-
age-gated Ca2* channels that mediate glutamate release.
Inhibition of synaptosomal “CaZ?* influx and hippocampal
p-[°*H]aspartate release by w-GsTx SIA overlaps with inhibi-
tion by w-CgTx GVIA, »-Aga IVA, and «-CmTx MVIIC, sug-
gesting that w-GsTx SIA shares Ca?* channel subtype spec-
ificity with characterized Ca%* channel toxins. These results
are consistent with the ability of each of these toxins to
inhibit neurotransmitter release and neurotransmission at
some synapses. w-GsTx SIA appears not to block L channels;
w-GsTx SIA does not inhibit depolarization-evoked contrac-
tion of aorta (24) or prevent an increase in whole-cell Ca®*
current elicited by the L channel agonist Bay K8644 (25). The
present study further defines the Ca%* channel subtype spec-
ificity of w-GsTx SIA and describes properties of w-GsTx SIA,
in comparison with w-CmTx MVIIC, that will render w-GsTx
SIA a useful tool for the study of voltage-gated Ca%* channels
and the cellular processes mediated by them.

Materials and Methods

Cell culture. Hippocampal neurons were grown in primary cul-
ture as described by Thayer et al. (26), with minor modifications.
Briefly, hippocampi were dissected from the brains of Sprague-Daw-
ley rat fetuses removed at gestational day 17 from maternal rats that
had been asphyxiated with CO, and decapitated. Hippocampi were
dissociated by trituration through multiple, increasingly constricted,
glass Pasteur pipettes. The dissection and dissociation were done in
a Ca?*- and Mg?*-free, HEPES-buffered, Hanks’ solution containing
20 mM HEPES, 137 mM NaCl, 5 mMm KCl, 0.4 mM KH,PO,, 0.6 mM
NaHPO,, 3 mM NaHCOj,, and 5.6 mM glucose, pH 7.4 with NaOH

(osmolarity, 300 mOsm/kg). The resulting cell suspension was cen-
trifuged at 1000 rpm for 10 min, the supernatant was removed, and
the cells were resuspended in Dulbecco’s modified Eagle’s medium
(Gibco) supplemented with 10% fetal bovine serum (Sigma). Cells
were plated in six-well culture plates, at 50,000 cells/well, onto
25-mm round coverglasses that had been coated overnight with
poly-D-lysine (0.1 mg/ml in borate buffer, pH 8.6; Sigma) and washed
with water. Neurons were grown in a humidified atmosphere of 10%
CO0,/90% air at 37°. Twenty-four to 72 hr after plating, the medium
was exchanged for Dulbecco’s modified Eagle’s medium supple-
mented with 10% horse serum (Sigma), and 0.5 ml of the medium
was exchanged every 7 days thereafter. Cells were grown in culture
for 12-24 days.

Electrophysiology. Whole-cell recordings were obtained from
cultured neurons using pipettes (3-5-M(Q) resistance) pulled from
borosilicate glass (Narashige) on a Sutter Instruments P-87 micropi-
pette puller. Pipettes were filled with a solution containing 140 mM
cesium methanesulfonate, 10 mmM BAPTA, 10 mM HEPES, and 6 mM
MgATP, pH 7.3 with CsOH; the osmolarity of the pipette solution
was adjusted to 3156 mOsm/kg with sucrose. Whole-cell recordings
were established in a solution containing 133 mM NaCl, 2.5 mm KCl,
10 mmM CaCl,, 1 mm MgCl,, 10 mM glucose, and 10 mM HEPES, pH
7.4 with NaOH. Experiments were conducted at room temperature
(22°) in an external solution containing 143 mM TEA-CIl, 5 mMm BaCl,,
1 mM MgCl,, 10 mM glucose, 10 mM HEPES, and 1 mg/ml bovine
serum albumin, pH 7.4 with TEA-OH. For the experiments con-
ducted with 10 mM external Ba2*, the concentration of TEA-Cl was
lowered to 136 mM. The osmolarity of all external solutions was
adjusted to 325 mOsm/kg with sucrose. Solutions were applied by a
gravity-fed superfusion system; exchange of solutions was complete
within 1 min. With few exceptions, recordings were obtained in a
static bath, and drugs were applied by perfusing the chamber with
the appropriate solution for 60-100 sec. Drugs were applied until an
apparent steady state block was achieved. In most experiments, 1
mM Cd?* was applied at the end of the experiment for subtraction of
leak currents from currents mediated by Ca®?* channels. »-GsTx SIA
was synthesized according to published methods (24). w-GsTx SIA,
w-Aga IVA, »-CmTx MVIIC (Bachem, Torrance, CA), and -CgTx
GVIA (Sigma Chemical Co., St. Louis, MO) were stored at —20° as
5-ul aliquots in water, at 400 times the reported concentrations, and
were thawed immediately before use. Nimodipine (Research Bio-
chemicals, Natick, MA) was stored at —20° as a 10 mM stock solution
in ethanol and was diluted immediately before use.

Whole-cell currents were recorded using an Axopatch 200A patch-
clamp amplifier and the BASIC-FASTLAB interface system (INDEC
Systems). Currents were filtered at 1 kHz (four-pole, Bessel, low-
pass filter) and sampled every 200 usec. Series resistance was com-
pensated by 75-90% of the value required to eliminate the uncom-
pensated capacity transient evoked by voltage steps from —80 to —90
mV. Voltage errors due to uncompensated series resistance did not
exceed 4 mV. In all experiments, high-threshold Ca?* channel cur-
rents were elicited every 20 sec by a 40-msec depolarizing pulse to a
test potential of 0 mV from a holding potential of —80 mV. When
rundown was apparent in the base-line period, the plot of peak
current versus time during the base-line period was fit with a single-
exponential equation and extrapolated to individual time points to
obtain I,,,. The maximal inward current measured at any point
between the onset and offset of the test pulse was designated as peak
current, I, for a given trace; this point always occurred within the
first 10 msec of the 40-msec test pulse. Percentage inhibition was
calculated with the formula [(I,, — IVI,,.] * 100, in which I for a
given treatment was determined by subtracting the average peak
current of three sweeps obtained in the presence of Cd?* from the
average peak current of three sweeps obtained after inhibition of
current had reached apparent equilibrium during that treatment.
When sweeps in the presence of Cd?* were not collected, leak cur-
rents were not subtracted. Displayed currents were not corrected for



leak. Values are given as mean * standard error, and Student’s ¢ test
was used to determine statistical significance.

Results

Whole-cell patch-clamp recordings were made with 139
fetal hippocampal neurons that had been maintained in pri-
mary culture for 12-24 days. Neurons were chosen that ex-
hibited a pyramidal morphology, with dendritic branches
extending from the vertices of a triangular cell body. Cells
selected by these criteria probably include CA1 and CA3
hippocampal pyramidal cells and perhaps other hippocampal
cell types. Internal and external monovalent cations were
replaced with Cs* and TEA™, respectively, and Ba®* was
provided as the charge carrier. Whole-cell Ig,, elicited in
these experiments by 40-msec test pulses from —80 mV to 0
mV applied at 20-sec intervals, was mediated by the activa-
tion of voltage-gated Ca%?* channels, as confirmed by the
absence of inward current in the presence of 1 mm Cd?*. We
measured I, to detect the effects of peptide toxins on volt-
age-gated Ca®* channels.

«-GsTx SIA and «-CmTx MVIIC produced concentration-
dependent inhibition of Ig,. Fig. 1 illustrates the results of
experiments designed to determine the concentrations of
«-GsTx SIA and v-CmTx MVIIC that elicit maximal inhibi-
tion of I,. In Fig. 1, A and C, peak inward current recorded
during each voltage step is plotted versus time; Fig. 1, B and
D, shows current records from the same experiments. In the
experiment illustrated in Fig. 1, A and B, consecutive appli-
cation of 0.03, 0.3, and 1 uM w-GsTx SIA produced progres-
sively greater cumulative inhibition of Ig,; however, 3 um
«-GsTx SIA had no further effect. In three experiments in
which 1 uM and 3 uM w-GsTx SIA were consecutively applied
to the same cell, 1 uM «-GsTx SIA blocked 65 * 3% of Ig,,
whereas 3 uM blocked 66 = 3% of I,. Similarly, in the
experiment illustrated in Fig. 1, C and D, consecutive appli-
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Fig. 1. Concentrations of 1 uM w-GsTx SIA and 3 um «-CmTx MVIIC
are maximally effective. A and C, Plots of peak current versus time,
showing the effects of increasing concentrations of w-GsTx SIA (GsTx)
(A) and o-CmTx MVIIC (MVIIC) (C). Drugs were applied as indicated
(bars). B and D, Current records from the experiments shown in A and

C, respectively. Traces are averages of three sweeps obtained during
each treatment.
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cation of 0.3, 1, and 3 uM w-CmTx MVIIC produced progres-
sively greater cumulative inhibition of Ig,, and 10 uMm
«-CmTx MVIIC had no further effect. o-CmTx MVIIC at 3
uM and 10 pM inhibited 59 = 2% and 63 * 2% of Ig,,
respectively, when applied consecutively to the same cells
(n = 4). Thus, 1 uM »-GsTx SIA and 3 uM w-CmTx MVIIC
elicited the maximal inhibition of Iz, produced by these
toxins.

Maximally effective concentrations of w-GsTx SIA or
«-CmTx MVIIC produced identical percentage block of I,.
When data were pooled across experiments, 1 uM -GsTx SIA
blocked 51 *+ 4% (n = 16), whereas 3 uM »-CmTx MVIIC
blocked 52 * 4% (n = 11) of Ig,. Percentage block produced
by each toxin differed somewhat between sets of experi-
ments; these discrepancies are potentially accounted for by
underestimation of rundown in some cells and different lev-
els of expression of Ca%* channel subtypes in different hip-
pocampal cell types (21). However, the overall identity in
percentage block produced by the toxins suggests that
«-GsTx SIA and «-CmTx MVIIC block the same component
of I,. To directly test this hypothesis, we conducted occlu-
sion experiments in which maximally effective concentra-
tions of either w-GsTx SIA or w-CmTx MVIIC were tested for
the ability to occlude block of Iy, by the other toxin. Fig. 2
illustrates the results of these experiments. In Fig. 2, A and
C, peak inward current is plotted versus time, and current
records from these experiments are shown in Fig. 2, B and D.
In the experiment illustrated in Fig. 2, A and B, 1 uM »-GsTx
SIA produced 52% inhibition of Ig,, and subsequent applica-
tion of 3 uM w-CmTx MVIIC in the presence of 1 uM w-GsTx
SIA produced 50% inhibition. In five similar experiments,
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Fig. 2. »-GsTx SIA and o-CmTx MVIIC block identical components of
Ca2* channel current. A, Plot of peak current versus time, showing that
block of |z, by w-GsTx SIA (GsTx) (1 um) occludes block by w-CmTx
MVIIC (MVIIC) (3 uM) but not block by nimodipine (Nim) (10 um). C, Plot
of peak current versus time, showing that block of Ig, by »-CmTx MVIIC
occludes block by »-GsTx SIA and that block by w-GsTx SIA does not
occlude block by nimodipine (same abbreviations and concentrations
as in A). Drugs were applied as indicated (bars). B and D, Current
records from the experiments in A and C, respectively. Traces are
averages of three sweeps obtained during each treatment. Scale bars
apply to both sets of currents.
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»-GsTx SIA alone blocked 46 * 8% of Iz,, whereas the
combination of »-CmTx MVIIC and w-GsTx SIA produced no
further effect (50 + 8% inhibition). Thus, »-CmTx MVIIC
increased block of Iy, by only 4.0 * 1.1% over block elicited
by »-GsTx SIA, indicating that block of Iy, by «-GsTx SIA
occluded block of Iy, by »-CmTx MVIIC. When the order of
toxin application was reversed, the result was the same. In
the experiment illustrated in Fig. 2, C and D, 3 uM -CmTx
MVIIC blocked 31% of Ig,, and subsequent application of 1
uM o-GsTx SIA in the presence of w-CmTx MVIIC increased
block to 36% of Ig,. In five similar experiments, w-CmTx
MVIIC alone blocked 48 *+ 8% of Ig,, whereas the combina-
tion of @-GsTx SIA and «-CmTx MVIIC had no further effect
(51 * 6% inhibition). Thus, »-GsTx SIA increased block of I,
by only 3.4 * 3.1% over block elicited by «-CmTx MVIIC,
indicating that block of I, by w-CmTx MVIIC occluded block
of Iy, by w-GsTx SIA. The results of these occlusion experi-
ments are consistent with the hypothesis that w-GsTx SIA
and «-CmTx MVIIC block identical subpopulations of volt-
age-gated Ca%* channels in cultured hippocampal neurons.
»-CmTx MVIIC does not block L-type voltage-gated Ca®*
channels in acutely dissociated rat CA1 hippocampal neu-
rons (22), and in the present study »-GsTx SIA blocks the
same component of Ca?* channel current as does w-CmTx
MVIIC, suggesting that »-GsTx SIA does not block L chan-
nels. Indeed, in the experiments illustrated in Fig. 2, a 10 uM
concentration of the dihydropyridine L channel antagonist
nimodipine produced a significant additional inhibition of I,
when applied in the presence of w-GsTx SIA (from 52 * 4% to
76 * 4%, p < 0.001, n = 11). Furthermore, »-GsTx SIA does
not prevent an increase in whole-cell Ca?* current elicited in
rat dorsal root ganglion neurons by the L channel agonist
Bay K8644 (25). To directly test the hypothesis that w-GsTx
SIA does not block L channels, we compared the percentage
block of Iy, elicited by nimodipine in the absence and pres-
ence of w-GsTx SIA. In the experiment illustrated in Fig. 3,
nimodipine blocked 28% of I5, when applied to a naive cell,
and Ig, readily recovered to 96% of base-line levels after
removal of nimodipine from the bath. Subseqgent application
of w-GsTx SIA blocked 56% of Iy,, after which application of
nimodipine elicited an additional 30% block. In three similar
experiments, nimodipine blocked 24 * 5% of total I, in the
absence of w-GsTx SIA and 29 * 1% of total Iy, in the
presence of w-GsTx SIA. Thus, similar components of total
Iz, were mediated by dihydropyridine-sensitive Ca%* chan-
nels in the absence and presence of w-GsTx SIA. These re-
sults are consistent with the hypothesis that »-GsTx SIA
does not block L-type voltage-gated Ca?* channels.
«-CmTx MVIIC blocks N-type Ca%* channels in rat CAl
hippocampal neurons and P-type Ca?* channels in rat cere-
bellar Purkinje neurons (22). In rat cerebellar granule neu-
rons the Q-type component of whole-cell Ca?* channel cur-
rent was insensitive to dihydropyridines and w-CgTx GVIA
but was blocked by w-Aga IVA with a K, of 89 nM; in the same
study, Q-type current was also blocked by «-CmTx MVIIC
(8). P channels are blocked by w-Aga IVA with a K of 1-2 nM
(7, 8), whereas N channels are selectively blocked by 1 um
«-CgTx GVIA (6, 13, 14). To pharmacologically identify com-
ponents of Iy, mediated by the activation of P-, N-, and
Q-type Ca?* channels, we measured the cumulative inhibi-
tion of Iy, produced by consecutive application of 30 nM
w-Aga IVA, 1 uM «-CgTx GVIA, and 3 uM «-CmTx MVIIC.
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Fig. 3. »-GsTx SIA does not block L-type Ca?* channels. A, Plot of
peak curent versus time, showing that block of Ig, by the L channel
blocker nimodipine (Nim) (10 um) is similar before and after block of Ig,
by w-GsTx SIA (GsTx) (1 um). Drugs were applied as indicated (bars). B,
Current records from the same experiment. Traces are averages of
three sweeps obtained during each treatment.

The results of these experiments are presented in Fig. 4. The
experiment illustrated by the current records in Fig. 4B
shows the largest additional block produced by «-CmTx
MVIIC after complete block by w-Aga IVA and w-CgTx GVIA.
In this experiment, 30 nM w-Aga IVA blocked 16% of I, and
1 uM »-CgTx GVIA together with w-Aga IVA blocked 50% of
Ig,.. Subsequent application of 3 uM »-CmTx MVIIC with
w-Aga IVA increased block to 67% of I,. -CgTx GVIA was
not present during exposure of the cell to w-Aga IVA plus
«-CmTx MVIIC, because »-CgTx GVIA irreversibly blocks
rat N-type CaZ* channels (14). In five similar experiments,
summarized in the histogram in Fig. 4A, w-Aga IVA blocked
22 + 4% of Ig,, w-CgTx GVIA combined with w-Aga IVA
blocked 47 + 5% of Ig,, and w-CmTx MVIIC combined with
w-Aga IVA blocked 58 + 5% of Ig,, a significant increase in
block over that produced by the combination of w-Aga IVA
and w-CgTx GVIA (p < 0.05).

To address the possibility that additional block of Iz, by
«-CmTx MVIIC in the presence of both w-Aga IVA and »-CgTx
GVIA was due to incomplete block by either of the latter toxins,
we conducted experiments in which cultures were preincubated
with 30 nM w-Aga IVA for at least 15 min before establishment
of the whole-cell configuration and were exposed for an addi-
tional 5 min to both w-Aga IVA and »-CgTx GVIA before appli-
cation of v-CmTx MVIIC. In two preincubation experiments,
«o-CmTx MVIIC reduced Iy, observed in the presence of w-Aga
IVA and «-CgTx GVIA by 10% and 21%, confirming that a
component of I, sensitive to v-CmTx MVIIC but insensitive to
both «-CgTx GVIA and a P channel-selective concentration of
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Fig. 4. P-, N-, and Q-type Ca®* channels are present in cultured
hippocampal neurons. A, Histogram summarizing and comparing block
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w-Aga IVA is present in cultured hippocampal neurons (data
not shown). These experiments demonstrate that P- and N-type
Ca?* channels are present in these cells. The additional block
by »-CmTx MVIIC after block by w-Aga IVA and »-CgTx GIVA
indicates the presence of a component of Iy, that is neither P-
nor N-type but is blocked by «-CmTx MVIIC. 1t is likely that
this component of Iy, is the Q-type current observed under
similar conditions in cerebellar granule (8) and CA3 hippocam-
pal (23) neurons. Because «-CmTx MVIIC blocks P, N, and Q
but not L channels and because -GsTx SIA blocked a compo-
nent of I, identical to that blocked by »-CmTx MVIIC and did
not block L channels, we conclude that «-GsTx SIA blocks P-,
N-, and Q-type but not L-type voltage-gated Ca?* channels.
Consistent with this conclusion, the combination of w-Aga IVA,
w-CgTx GVIA, and o-CmTx MVIIC elicited percentage block of
Ip, similar to that produced by »-GsTx SIA alone (Fig. 4A).
w-Aga IVA blocks P-type Ca®* channels with a K of ap-
proximately 2 nM. w-Aga IVA also blocks Q-type Ca?* chan-
nels with a K; of 89 nM (8). Thus, at micromolar concentra-
tions, w-Aga IVA blocks both P- and Q-type Ca?* channels.
To further test the hypothesis that «-GsTx SIA blocks N, P,
and Q channels, we conducted occlusion experiments in
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which »-GsTx SIA was tested for the ability to occlude block
of Ig, by subsequent application of micromolar w-Aga IVA
and «-CgTx GVIA applied in combination, and w~-Aga IVA
and «-CgTx GVIA were tested for the ability to occlude block
of Iz, by subsequent application of w-GsTx SIA. These exper-
iments are illustrated in Fig. 5; Fig. 5, A and C, shows plots
of peak inward current versus time, and Fig. 5, B and D,
shows current records from the same experiments. In the
experiment illustrated in Fig. 5, A and B, »-GsTx blocked
44% of I,, and subsequent application of micromolar w-Aga
IVA and »-CgTx GVIA had no further effect (43% block). In
three similar experiments, «-GsTx blocked 55 + 7% of Ig,,
and addition of w-Aga IVA together with -CgTx GVIA
blocked 54 + 6% of I,. Thus, w-Aga VIA and »-CgTx GVIA
slightly decreased block of I,, by 1.7 * 2.9%, compared with
block elicited by w-GsTx SIA. A similar result was observed
when the order of toxin exposure was reversed. In the exper-
iment illustrated in Fig. 5, C and D, the combination of
micromolar w-Aga IVA and »-CgTx GVIA blocked 36% of Ig,,
and subsequent addition of w-GsTx SIA had no effect (35%
block). In three similar experiments, w-Aga IVA and »-CgTx
GVIA together blocked 54 + 9% of Ig,, and subsequent ex-
posure to w-GsTx SIA had no effect (54 + 10% block). Thus,
exposure to «-GsTx SIA in the presence of w-Aga IVA and
«-CgTx GVIA produced no change in Iy, (0.0 * 2.1%). These
results support the conclusion that «-GsTx SIA blocks N-, P-,
and Q-type voltage-gated Ca%* channels.

Although «-GsTx SIA and w-CmTx MVIIC share Ca2*
channel subtype selectivity, we discovered important differ-
ences between the toxins during the course of these experi-
ments. First, block by »-GsTx SIA was faster than block by
«-CmTx MVIIC. The difference in the rates at which »-GsTx
SIA and w-CmTx MVIIC approach apparent equilibrium may

«w-GsTx SIA Blocks Multiple Ca?* Channel Subtypes
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Fig. 5. w-GsTx SIA blocks N-, P-, and Q-type Ca?* channels. A, Plot
of peak current versus time, showing that block by w-GsTx SIA (GsTx)
(1 um) occludes block by the combination of w-Aga IVA (Aga) (1 um) and
w-CgTx GVIA (Cg7x) (1 um). C, Plot of peak current versus time,
showing that block by the combination of w-Aga IVA and «-CgTx GVIA
occludes block by w-GsTx SIA (same abbreviations and concentrations
as in A). Drugs were applied as indicated (bars). B and D, Current
records from the experiments in A and C, respectively. Traces are
averages of three sweeps obtained during each treatment. Scale bars
apply to both sets of currents.
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be observed by comparing the plots of peak current versus
time in the occlusion experiments illustrated in Fig. 2, A and
C. These observations are summarized in Fig. 6, in which the
percentage inhibition of peak inward current during the on-
set of block was normalized to the maximal inhibition
achieved for experiments in which naive cells were exposed
to either 1 uM w-GsTx SIA or 3 uM »-CmTx MVIIC. The point
at the origin of the axes (0% of maximal inhibition) corre-
sponds to the last sweep before exposure to toxin, and the
points at 20, 40, and 60 sec (the first three points) were
recorded before bath exchange was complete. At all points
between 80 and 240 sec, where bath exchange was complete
and data were available for both toxins, w-GsTx SIA pro-
duced significantly more block than did «-CmTx MVIIC.
After 40 sec, v-GsTx SIA had achieved 956 *+ 1% of its total
block, whereas w-CmTx MVIIC did not reach the same de-
gree of block until 320 sec later. Due to slow bath exchange,
early points were collected before toxin concentrations
reached reported values; kinetic parameters fully predictive
of channel binding affinity are therefore not available from
these data, but it is readily apparent that block of Ig, by
«-GsTx SIA is faster than block of the same component of I,
by »-CmTx MVIIC.

We also investigated the sensitivity of block by both
«-GsTx SIA and »-CmTx MVIIC to the external concentra-
tion of divalent cations, by repeating the occlusion experi-
ments described in Fig. 2 with 10 mm Ba?*. In the presence
of 10 mm Ba?*, 1 uM w-GsTx SIA blocked 51 + 14% of Ig,, and
subsequent application of 3 uM w-CmTx MVIIC to the same
cells in the presence of w-GsTx SIA increased inhibition to 57
+ 16% (n = 3). In these experiments, exposure to w-CmTx
MVIIC increased the percentage block of I, observed during
exposure to «-GsTx SIA alone by only 5.7 *+ 1.7%. Therefore,
»-GsTx SIA produced the same inhibition of Iz, with 10 mm
Ba?* as with 5 mM Ba®* and occluded block of I, by -CmTx
MVIIC with 10 mm Ba2?* just as with 5 mm Ba2* (Fig. 2). In
contrast, block of Ig, by «-CmTx MVIIC was reduced to 37 +
8% with 10 mm Ba?*, and subsequent application of w-GsTx
SIA blocked a significant additional fraction of Ig,, increas-
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Fig. 6. The onset of block by w-GsTx SIA is faster than that of block by
«-CmTx MVIIC. At all points after complete bath exchange and for
which data were available for both toxins (time points at 80 sec to 240
sec), w-GsTx SIA (GsTx) (1 um) produced significantly more block than
did «-CmTx MVIIC (MVIIC) (3 um) (p < 0.001, analysis of variance and
Bonferonni post hoc test). Percentage inhibition was normalized to the
maximal inhibition attained in each cell. Drugs were applied at time 0.
Error bars are plotted for all points but are smaller than the symbols at
most points. Bath exchange was complete after 60 sec (the third point).

ing the total block to 54 = 7% (p < 0.01, n = 4). In these
experiments, block of Iy, by «-CmTx MVIIC alone was in-
creased by 16 + 2% upon exposure to w-GsTx SIA. These data
are summarized in the histogram in Fig. 7A and are illus-
trated in Fig. 7, B and C, in which «-CmTx MVIIC failed to
occlude block of Iz, by w-GsTx SIA in the presence of 10 mm
external Ba?*. This result contrasts with the ability of

A
100 B GsTx
MVIIC
O GsTx + MVIIC  ne3
[~
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E 50 -I '
X § )
0
5 mM Ba®* 10 mM Ba**
B Time (8)
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Fig. 7. Block of Ca?* channels by w-CmTx MVIIC is reduced in the
presence of 10 mm Ba?*. A, Histogram summarizing the results of
occlusion experiments such as those illustrated in Fig. 2 and in B and
C. With 5 mm Ba?*, w-GsTx SIA (GsTx) (1 um) and w-CmTx MVIIC
(MVIIC) (3 uM) were mutually occlusive in their effects on Ig,. With 10
mm Ba®*, w-GsTx SIA produced block similar to that observed with 5
mm Ba?* and occluded block by «-CmTx MVIIC, whereas «w-CmTx
MVIIC produced less inhibition of I, and failed to occlude block by
«-GsTx SIA. Data obtained with 5 mm Ba?* are from occlusion exper-
iments such as those illustrated in Fig. 2. t, p < 0.01 (paired Student's
t test). B, Plot of peak current versus time for an occlusion experiment
in which «-CmTx MVIIC failed to occlude block of I, by «~GsTx SIA in
the presence of 10 mm Ba?*. Drugs were applied as indicated (bars). C,
Current records from the experiment shown in B. Current traces are
averages of three sweeps obtained during each treatment.



«-CmTx MVIIC to occlude block of Iy, by w-GsTx SIA with 5
mM Ba®*, as illustrated in Fig. 2, C and D. The cause of the
decreased block by «-CmTx MVIIC with 10 mm Ba%* was not
apparent. Because the durations of exposure to w-CmTx
MVIIC were similar in the experiments with 5 mm Ba?*
(300-520 sec) and 10 mm Ba2* (300-700 sec), decreased
block may reflect slower kinetics with the higher external
divalent ion concentration. However, with 10 mM BaZ*,
«-GsTx SIA elicited an additional 13% increase in block even
after a 700-sec exposure to w-CmTx MVIIC (Fig. 7, B and C).
These results suggest that the ability of w-CmTx MVIIC to
bind to or to block voltage-gated Ca?* channels is diminished
when the external concentration of divalent cations is in-
creased, whereas the ability of »-GsTx SIA to bind to or to
block Ca?* channels is relatively unaffected. v-CmTx MVIIC
block of N channels in rat sympathetic neurons is sensitive to
the external divalent cation concentration (23).

A previous study suggested that inhibition of Ca?* chan-
nels by »-GsTx SIA was reversible (25). In the present study,
this result was confirmed in experiments such as that shown
in Fig. 8. In this experiment, 1 uM w-GsTx SIA produced 84%
inhibition of Iy,. Subsequent wash-out of the peptide re-
sulted in recovery of 80% of w-GsTx SIA-sensitive Iy, within
300 sec. In seven similar experiments, »-GsTx SIA blocked

Time (s
Ay T
0 - 4
(o]
-1} o
- o
<
_3
2t
(o)

e ey

0o
(o]
B 2nA |
20 ms
GsTx

__wash
\F—

baseline

Fig. 8. Block by «-GsTx SIA is reversible. A, Plot of peak current
versus time. w-GsTx SIA (GsTx) (1 um) was applied as indicated (bar). B,
Current records from the experiment shown in A. Current traces are
averages of three sweeps for base-line, the last three sweeps during
exposure to »-GsTx SIA, and three sweeps obtained after recovery had
reached steady state.
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54 + 7% of Ig,, and 61 * 10% of »-GsTx SIA-sensitive Ig,
recovered within 300 sec after wash-out of the peptide. Re-
covery ranged from 39 to 100% of the w-GsTx SIA-sensitive
current; thus, w-GsTx SIA block of I, was completely revers-
ible in some cells. The partial recovery observed in some
experiments might have resulted from irreversible inhibition
of a subtype of voltage-gated Ca®* channels. However, when
either 1 uM w-Aga IVA (n = 3) or 1 uM w-CgTx (n = 2) GVIA
was applied after recovery of I, had reached a plateau after
wash-out of «-GsTx SIA, neither toxin produced <21% inhi-
bition of the remaining Iz, (data not shown). These data
indicate that »-GsTx SIA block of N and P channels was
reversible, but they do not rule out potentially irreversible
inhibition of Q-type Ca®?* channels by w-GsTx SIA.

«-GsTx SIA Blocks Multiple Ca®** Channel Subtypes

Discussion

Block of Ca?* channel current by w-GsTx SIA and by either
«-CmTx MVIIC or the combination of micromolar w-Aga IVA
and »-CgTx GVIA was mutually occlusive, indicating that each
of these treatments blocks the same subset of voltage-gated
Ca®* channels present in cultured rat hippocampal neurons.
«-CmTx MVIIC or the combination of micromolar w-Aga IVA
and »-CgTx GVIA blocks N-, P-, and Q-type (8, 22) but not
L-type (22) Ca?* channels. All four Ca%* channel subtypes were
present in these cells, and »-GsTx SIA did not occlude block of
L channels by nimodipine. Thus, »-GsTx SIA blocks N-, P-, and
Q-type but not L-type voltage-gated Ca%* channels.

To establish the CaZ* channel subtype specificity of
«-GsTx SIA by occlusion experiments using »-CmTx MVIIC,
both toxins were used at maximally effective concentrations;
1 uM w-GsTx SIA and 3 uM w-CmTx MVIIC were determined
to be maximal concentrations, because the concentration of
either toxin 0.5 log unit higher produced no further inhibition
of Ca2* channel current. »-GsTx SIA inhibits depolarization-
evoked neurotransmitter release from rat hippocampal slices
with ICg, values of 75 nM ([*Hlnorepinephrine) or 210 nM
(p-[3H]aspartate) and inhibits rat synaptosomal Ca?* influx
with an ICg, of 180 nM (24), consistent with the requirement
for 1 uM w-GsTx SIA to elicit maximal block of voltage-gated
Ca?* channels in the present study. w-CmTx MVIIC inhibits
rat synaptosomal Ca®* influx with an ICg, of approximately
500 nM (22). Whole-cell recordings in acutely dissociated cer-
ebellar Purkinje neurons suggest that the maximally effec-
tive concentration of «-CmTx MVIIC lies between 1 and 10
1M (22), and inhibition by w-CmTx MVIIC of I, mediated by
channels expressed in Xenopus oocytes containing cloned
alA+a2/8+B1 subunits (putatively equivalent to the Q chan-
nels) suggests an IC,, of <150 nM (27). In acutely dissociated
rat sympathetic neurons, «-CmTx MVIIC blocks N channels
with an ICg, of 26 nM in the presence of 5§ mm Ba®* (23).
These results are consistent with the requirement for 3 um
»-CmTx MVIIC to produce maximal inhibition of voltage-
gated Ca?* channels in the present study.

«-CmTx MVIIC or the combination of micromolar w-Aga
IVA and -CgTx GVIA blocks N-, P-, and Q-type Ca®* chan-
nels, and in the present study «-GsTx SIA was mutually
occlusive of either treatment in blocking Ca?* channel cur-
rent. To determine the Ca%?* channel subtype selectivity of
«-GsTx SIA, it remained only to determine which of the N, P,
and Q channel subtypes were present in the cultured hip-
pocampal neurons used in this study. The K, for block of P
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channels by w-Aga IVA is 1-2 nM (7, 8), whereas w-Aga IVA
blocks Q-type Ca®* channels in cerebellar granule neurons
with a K, of 89 nM (8). Thus, 30 nM w-Aga IVA, which should
completely block P channels but should not appreciably block
Q channels, was used in the present study to pharmacologi-
cally identify the component of Ca%* channel current medi-
ated by P channels. Rat N channels are completely, selec-
tively, and irreversibly blocked by low micromolar
concentrations of w-CgTx GVIA (6, 13, 14). Q channels, like
N- and P-type but not L-type channels (22), are also blocked
by w-CmTx MVIIC (8). Thus, the presence of P and N chan-
nels was detected by consecutive application of selective con-
centrations of w-Aga IVA and «»-CgTx GVIA, and additional
block of whole-cell Ca%* channel current by «-CmTx MVIIC
beyond the block produced by w-Aga IVA and »-CgTx GVIA
was interpreted as evidence of the presence of Q channels.
Consecutive application of 30 nM w-Aga IVA, 30 nM w-Aga
IVA plus 1 uM -CgTx GVIA, and 30 nM w-Aga IVA plus 3 um
«-CmTx MVIIC each produced a fractional increase in the
cumulative block of Ca?* channel current. These results
demonstrate the presence of P and N channels and suggest
the presence of Q channels in cultured rat hippocampal neu-
rons. It is possible, given the relative nonselectivity of
w-CmTx MVIIC, that the non-P/non-N but «-CmTx MVIIC-
sensitive component of Ca2* channel current detected in the
present study is not identical to the Q-type current, which
exhibited similar pharamcology in cultured cerebellar gran-
ule neurons. However, the most likely explanation of the
results reported here is that P, N, and Q Ca®* channel
subtypes are present in cultured rat hippocampal neurons.
Furthermore, the ability of w-GsTx SIA to occlude block of
Ca?* channel current by either »-CmTx MVIIC or the com-
bination of micromolar w-Aga IVA and »-CgTx GVIA, treat-
ments that block P-, N-, and Q-type currents, leads to the
conclusion that w-GsTx SIA blocks all three channel sub-
types. We found no evidence that w-GsTx SIA blocked an
«-CmTx MVIIC-insensitive component of Ca?* channel cur-
rent, as was suggested in another report that demonstrated
an w-GsTx SIA-sensitive, o-CmTx MVIIC-insensitive compo-
nent of synaptosomal glutamate release (28). The apparent
conflict in these results might result from methodological
differences or might reflect the expression in synaptosomes of
a novel, o-CmTx MVIIC-resistant, Ca%* channel subtype.

These data further suggest that P current comprises 22%, N
current comprises 27%, and Q current comprises 11% of the
Ca®* channel current elicited in the cultured hippocampal neu-
rons used in this study. Furthermore, block of Ca%* channel
current by nimodipine suggests that L current comprises 24% of
CaZ?* channels present in these cells. These percentages agree
reasonably well with the results of studies applying similar
methods to acutely dissociated hippocampal neurons, in which
14-26% (CA3-CAl), 21-37% (CA3-CAl), and 19-36% (CA1l-
CA3) of Ca®* channel current were attributed to P, N, and L
channels, respectively (21); 18-25% (CA1-CA3) of Ca%* channel
current was not attributable to these channels and thus may
have been mediated in part by Q channels. A Q-type component
of Ca%* channel current has been reported in acutely dissoci-
ated rat hippocampal CA3 neurons (23).

«-GsTx SIA does not inhibit depolarization-evoked contrac-
tion of aorta (24) or occlude dihydropyridine-induced facilitation
of whole-cell Ca?* current in rat dorsal root ganglion neurons
(25). In the present study, block of Ca?* channel current by

«-GsTx SIA was completely occluded by w-CmTx MVIIC, which
does not block L channels (22). Furthermore, the L channel
blocker nimodipine elicited similar block in the presence and
absence of w-GsTx SIA. Thus, »-GsTx SIA does not block L-type
voltage-gated Ca?* channels. Twenty-three percent of Iy, was
not blocked by the combination of w-GsTx SIA and nimodipine
but was abolished by Cd?* (n = 11), indicating that it was
mediated by activation of voltage-gated Ca%?* channels. o-GsTx
SIA and nimodipine together block all four pharmacologically
identified, high voltage-activated, Ca®* channels. The demon-
stration of a Cd?*-sensitive, w-GsTx SIA-insensitive, nimodi-
pine-insensitive component of Ca?* channel current in the
present study suggests the presence of a fifth Ca?* channel
subtype, as has been observed in cultured cerebellar granule
cells (8, 29).

Although »-GsTx SIA overlaps with w-Aga IVA, »-CgTx
GVIA, and »-CmTx MVIIC in indirect measures of voltage-
gated Ca®* channel activity and this study demonstrates
that »-GsTx SIA blocks Ca%* channel current mediated by P,
N, and Q channels, binding studies suggest that »-GsTx SIA
does not share a binding site with other toxins on these
channel molecules. w-GsTx SIA displaces neither 25I-w-
CgTx GVIA, %°I-w-Aga IVA, nor 2°I-o-CmTx MVIIC bind-
ing to brain membranes (24). Thus, w-GsTx SIA defines a
novel peptide binding site common to P-, N-, and Q-type
channels. The amino acid sequences of these toxins are
known, and alignment of the sequences reveals conservation
of cysteine residues that are linked by disulfide bonds to form
multiple intramolecular loops (24); however, the extreme di-
vergence of the intervening sequences renders structurally
relevant interpretation of the present data difficult.

Although »-GsTx SIA shares Ca®?* channel subtype specific-
ity with w-CmTx MVIIC, important differences between the
properties of these toxins are reported here. First, the onset of
block by w-GsTx SIA was considerably faster than that by
»-CmTx MVIIC. Maximal block of Ca%?* channel current by
«-GsTx SIA was achieved within the time required to exchange
the bath solution, whereas maximal block by »-CmTx MVIIC
required an additional 320 sec of exposure to the toxin. Consis-
tent with these data, the association rate of w-GsTx SIA is
30-fold faster than that of »-CmTx MVIIC, as measured by the
rate of toxin inhibition of glutamate release from rat cortical
synaptosomes (28). Slow onset of P channel block by w-CmTx
MVIIC (1,, of ~15 min) has also been reported in cerebellar
Purkinje neurons; however, the onset of N channel block by
«-CmTx MVIIC in sympathetic neurons was rapid (23). The
rate of block of cloned alA+a2/8+B1 (putatively Q-type) chan-
nels expressed in Xenopus oocytes was slow (7, of ~420 and
~150 sec at 3 and 5 uM, respectively) and was dependent on the
concentration of -CmTx MVIIC between 0.15 and 15 uMm (27),
suggesting that higher concentrations of «-CmTx MVIIC might
have produced faster onset of block in the present study. How-
ever, measured IC;, values for »-CmTx MVIIC and »-GsTx SIA
are comparable (discussed above), and w-CmTx MVIIC was
applied at a 3-fold higher concentration than w-GsTx SIA, sug-
gesting that the kinetic comparison made here merits the con-
clusion that onset of block by «-GsTx SIA is faster than block by
«CmTx MVIIC. Second, block of Ca?* channel current by
«-CmTx MVIIC was more sensitive to elevation of the external
divalent cation concentration than was block by »-GsTx SIA.
With 5 mM Ba2*, the two toxins were mutually occlusive. With
10 mm Ba?*, »-CmTx MVIIC blocked a smaller percentage of



I, than with 5 mm Ba®* and failed to occlude block by w-GsTx
SIA, whereas inhibition of Iy, by »-GsTx SIA and occlusion of
block by «-CmTx MVIIC were unaffected. It is possible that
increases in divalent ion concentrations do not decrease efficacy
but instead slow the kinetics of block by «-CmTx MVIIC; how-
ever, with 10 mM Ba®*, »-GsTx SIA elicited a substantial in-
crease in block even after very long exposures to »-CmTx
MVIIC. The observation that block of N channels in rat sym-
pathetic neurons by «-CmTx MVIIC is weaker with higher
external Ba?* concentrations establishes a precedent for these
observations (23).

This study also confirms the reversibility of block by
»-GsTx SIA. Within 300 sec of wash-out, 61% of Ca%* chan-
nel current inhibited by «-GsTx SIA recovered, including
w-Aga IVA-sensitive and «w-CgTx GVIA-sensitive compo-
nents. w-GsTx SIA inhibition may be completely reversible,
because full recovery of w-GsTx SIA-sensitive current was
observed in some experiments. Sensitivity of Ig, to w-Aga
IVA and »-CgTx GVIA after wash-out of «-GsTx SIA indi-
cates that block by w-GsTx SIA of N and P channels is
reversible, but this does not address the reversibility of
«-GsTx SIA block of Q channels. The reversibility of w-CmTx
MVIIC was not explored here; however, block by »-CmTx
MVIIC of Iy, mediated by channels expressed in Xenopus
oocytes containing cloned alA+a2/8+ B1 subunits (putatively
Q-type) was reversed by <10% 50 min after wash-out of the
toxin (27). Block by «-CmTx MVIIC of N channels in rat sym-
pathetic neurons is rapidly reversed (7 4 of ~15 sec), whereas
block by «-CmTx MVIIC of P channels in rat cerebellar Pur-
kinje neurons is essentially irreversible (23). The reversibility of
«-GsTx SIA renders this toxin a useful tool for studies that
require recovery of channel function after inhibition.

As evidence accumulates that multiple, voltage-gated,
Ca?* channel subtypes mediate the release of neurotrans-
mitters at different synapses in the brain (for review, see Ref.
11) and that multiple Ca?* channel subtypes may contribute
to release of a single neurotransmitter at a given synapse (16,
17), Ca®* channel blockers with broad subtype specificity for
the channels that mediate neurotransmitter release will be-
come important research tools for pharmacological inhibition
of synaptic transmission. «-GsTx SIA and «-CmTx MVIIC
share specificity for the Ca?* channel subtypes that have
been linked to release of various neurotransmitters, includ-
ing glutamate. The fast onset, relative insensitivity to diva-
lent cation concentration, and reversibility of inhibition by
«-GsTx SIA, coupled with its ability to block N-, P-, and
Q-type Ca®* channels, render this toxin a powerful new tool
for the study of voltage-gated Ca%* channels and Ca®* chan-
nel-mediated processes.
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