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Block of Ca Channels in Rat Central Neurons by the Spider Toxin

w-Aga-lllA

Isabelle M. Mintz

Department of Neurobiology, Harvard Medical School, Boston, Massachusetts 02115

The effects of the spider toxin «-Aga-llIlA were studied on
Ca channel currents in rat central neurons. In hippocampal
CA1 pyramidal neurons, «-Aga-IliA blocked ~70% of the
high-threshold Ca currents and had no effect on low-thresh-
old T-type current. Occlusion experiments with blockers of
L-, N-, and P-type Ca currents showed that w-Aga-lIlA abol-
ished dihydropyridine-sensitive L-type current and blocked
a substantial fraction of the w-conotoxin (CgTX)-sensitive
N-type and w-Aga-IVA-sensitive P-type Ca currents. The high-
threshold current remaining with saturating concentrations
of nimodipine,” CgTX, and «-Aga-IVA was also partially
blocked by w-Aga-IllA in a variety of central neurons. Block
of P-type current by w-Aga-lllA was investigated in more
detail in cerebellar Purkinje neurons. Block was potent (K,
~ 0.5 nm), but incomplete and voltage dependent. Tail cur-
rent activation curves showed that channel gating is shifted
in the depolarizing direction by ~7 mV. The instantaneous
current-voltage curve for P-type current was aiso altered;
the toxin reduced Ba-carried inward currents by ~40% and
had little effect on Cs-carried outward currents. The partial,
voltage-dependent reduction of P-type Ca current can be
accounted for by a combination of toxin effects on channel
permeation and gating.

[Key words: Ca channels, CA1 pyramidal neurons, Pur-
kinje neurons, ion channel block, spider toxin, w-Aga-lllA]

Neurons possess multiple types of Ca channels (Tsien et al.,
1988; Bean, 1989; Hess, 1990; Swandulla et al., 1991; Llinas et
al., 1992; Miller, 1992), as evidenced by single-channel record-
ings (Nowycky et al., 1985a; Fisher et al., 1990; Mogul and Fox,
1991; O’Dell and Alger, 1991), multiple whole-cell Ca current
components with distinct kinetics and voltage dependence (Car-
bone and Lux, 1984; Fox et al., 1987a,b), and the variety of Ca
channel clones (Hui et al., 1991; Mori et al., 1991; Snutch et
al.,, 1991; Williams et al., 1992a; Ellinor et al., 1993; Soong et
al., 1993; for review, see Tsien et al., 1991; Snutch and Reiner,
1992). In addition to dihydropyridine compounds used for stud-
ies of L-type Ca channels in muscle cells and neurons (Rampe
and Triggle, 1989), high-affinity toxins are useful for distin-
guishing neuronal Ca channels. The Conus peptide w-conotoxin
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GVIA (CgTX) (Olivera et al., 1985) has helped purify N-type
Ca channels from rat brain (McEnery et al., 1991; Witcher et
al., 1993), identify cDNA clones of their a1 subunits (Williams
et al., 1992a,b; Fujita et al., 1993), and evaluate their role in
various cellular processes (Kerr and Yoshikami, 1984; Komuro
and Rakic, 1992; Pfrieger et al., 1992) and their susceptibility
to transmitter and second messenger modulations (Tsien et al.,
1988; Anwyl, 1991). The spider toxin w-Aga-IVA from Agelen-
opsis aperta venom blocks with high affinity and high selectivity
high-threshold P-type Ca channels, which were first recognized
as a distinct Ca channel type in cerebellar Purkinje neurons
(Llinas et al., 1989, 1992). It has helped demonstrate that Ca
channels similar to the P-type are present in neurons other than
Purkinje cells (Mintz et al., 1992a,b), respond to transmitter
modulation (Mintz and Bean, 1993; Mogul et al., 1993), and
contribute to glutamate release from rat brain synaptosomes
(Turner et al., 1992).

Another peptide toxin, w-Aga-IIIA, also blocks with high af-
finity some Ca channels. It has potent effects on neuronal N-type
channels, neuronal L-type channels, and cardiac L-type Ca
channels (Mintz et al., 1991). Block of both L-type and N-type
channels with K, values of ~1 nm suggests that this toxin may
recognize a high-affinity binding site shared by N- and L-type
Ca channels and absent in neuronal low-threshold T-type chan-
nels. In this article, I have investigated w-Aga-IIIA block of
identified Ca currents in hippocampal CA1 neurons. In addition
to blocking N- and L-type Ca currents, w-Aga-IITA produced
high-potency block of P-type Ca current and the still uniden-
tified high-threshold Ca current that remains after maximal block
of N-, L-, and P-type Ca currents. The complexity of P-type Ca
current block was investigated in cerebellar Purkinje neurons.

Materials and Methods

Cell preparation. Long-Evans rats 7-15 d old were used for all cell
preparations. Purkinje neurons were dissociated from the cerebellar
vermis, hippocampal neurons from the CAl region, and dorsal root
ganglion (DRG) neurons were isolated from lumbar and cervical ganglia.
The protocol is a modified version of the enzyme treatments used by
Furshpan and Potter (1989) and Kiskin et al. (1990). Brain tissue was
dissected in ice-cold solution containing 82 mm Na,SO,, 30 mMm K,SO,,
5 mm MgCl,, 10 mm HEPES, 10 mm glucose, and 0.001% phenol red
indicator (pH 7.4, adjusted with NaOH). Brain tissue was trimmed of
meninges and cut in small pieces (~1 mm?), transferred into the same
high-Na, high-K solution with 3 mg/ml protease X XIII (Sigma, St Louis,
MO), and incubated at 37°C for 7-8 min for central neurons, and 12—
15 min for DRG neurons. The tissue was rinsed twice in the high-Na,
high-K solution at 37°C and transferred to a minimum essential medium
solution (GIBCO) containing 10 mm glucose, 15 mm HEPES, 1 mg/ml
trypsin inhibitor (Sigma), and 1 mg/ml bovine serum albumin (Sigma)
(pH 7.4, adjusted with NaOH). Cells were gently triturated by 20 pas-
sages through the tip of a fire-polished Pasteur pipette and kept in the
same solution at room temperature for up to 4-6 hr.
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Figure 1. Selective block of high-threshold calcium currents by spider
toxin w-Aga-IIIA in CA1 hippocampal neurons. 4, Low-threshold T-type
current was elicited in isolation by depolarization from —110 mV to
—50 mV before and after addition of 200 nM w-Aga-IIIA (upper traces).
It was inactivated by holding the cell at —70 mV for 6 sec (lower trace,
recorded in control condition). B, In the same cell, high-threshold cur-
rents triggered by a depolarization applied from —110 mV to -30 mV
in control and in the presence of 200 nM w-Aga-IIIA.

Purkinje neurons were identified morphologically by their large cell
bodies (15-25 um diameter) with a single dendritic stump; the accuracy
of the morphological identification was previously confirmed by labeling
of Purkinje neurons with propidium iodide (Regan, 1991). Hippocampal
CA1 neurons were presumably pyramidal cells based on their distinct
morphology. Smali-diameter (<30 um) DRG neurons were selected for
recordings to permit accurate voltage clamp.

Recording technique and drug application. Whole-cell Ca?+ channel
currents were recorded with 1.5-7 MQ pipettes made from Boralex glass
(Dynalab, Rochester, NY) containing an internal solution of 108 mm
cesium methanesulfonate, 4 mm MgCl,, 9 mm EGTA, 9 mMm HEPES,
4 mm Mg-ATP, 14 mm creatine phosphate (Tris salt), 0.3 mm GTP
(Tris salt), pH 7.4, adjusted with CsOH. The external solution contained
5 mm BaCl,, 160 mm tetraethylammonium (TEA) Cl, 10 mm HEPES,
I mg/ml cytochrome C (Sigma), pH 7.4 with TEA OH. Pipettes were
sealed on neurons bathed in Tyrode’s solution (150 mmM NaCl, 4 mm
KCl, 4 mm BaCl,, 2 mMm CaCl,, 2 mm MgCl,, 10 mm glucose, 10 mm
HEPES, pH 7.4 with NaOH). Once the seal was established, the cell
was transferred into a minichamber containing the 5 mm Ba external
solution (Mintz et al., 1992b). Drug-containing solutions were applied
manually in the minichamber, using a pipettor. Because of the small
volume of the minichamber (~55 ul), the recorded neuron could be
exposed to high concentrations of toxins for long periods of time, using
small amounts of toxins. Repetitive (three to six) pipetting in and out
the pipette tip ensured a fast mixing of the drug-containing solution
with the solution in the minichamber. Occasionally, the time course of
current block was biphasic with a fast and a subsequent slow phase.
This occurred when the toxin was pipetted close to the cell, which was
then exposed transiently to a high toxin concentration. Slightly biphasic
time courses (as in Fig. 11) were nevertheless reasonably well fitted with
single exponentials.

Stock solutions for drugs were 0.5 mm w-conotoxin (Peninsula Lab-
oratories) in the recording Ba solution, 3 mM nimodipine (a gift from
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Figure2. -Aga-111A occludes CgTX block of N-type calcium channels
in CA1 hippocampal neurons. 4, Currents recorded in control, after
addition of 200 nM w-Aga-IIIA, and in the presence of both 200 nm
w-Aga-111A and 5 um CgTX. Ba (5 mm) current was elicited every 6 sec
by voltage steps from —90 mV to —20 mV. B, In the same cell, cor-
responding time course of the peak Ba current.

Alexander Scriabine, Miles Laboratories, New Haven, CT) in polyeth-
ylene glycol 400, 24 mm w-Aga-IVA and 2-4 mM w-Aga-IIIA in the
recording Ba solution. The toxins w-Aga-IVA and w-Aga-IIIA were a
gift from Mike Adams (University of California, Riverside, CA). Drug-
containing stock solutions were stored frozen at —20°C.

Electrical recording. Whole-cell currents (Hamill et al., 1981) were
recorded using a List EPC-7 amplifier. Currents were elicited and dig-
itized every 50 usec with BAsIC-FASTLAB hardware and software (Indec
Systems, Sunnyvale, CA). Data were discarded if voltage errors from
series resistance remaining after partial compensation were greater than
5 mV. Reported potentials were corrected for a liquid junction potential
of —10 mV between the internal solution and the Tyrode’s solution in
which the pipette current was zeroed before sealing onto the cell mem-
brane. Ca?*+ channel currents were corrected for leak and capacitive
currents by subtracting a scaled current elicited by a 10 mV hyperpo-
larization from —80 mV. In most cells, Ca channel current ran down
slowly with time (by about 5% per minute or less) and was not corrected
for. In a few experiments, as in Figure 11, the control current ran down
at a faster rate (~ 10% per min); the fraction of current blocked by each
blocker was then normalized to an estimation of the control current
value. This value was calculated point by point after the first drug
application with the assumption that the rate of rundown is proportional
to the current size (Mintz et al., 1992).

Zero time in plots of current amplitude versus time is the time at
which current had stabilized after establishment of the seal. All exper-
iments were done at 20-25°C. Statistical results are given as mean =+
SEM.

Variability in the current components dissected pharmacologically. In
neurons with complex mixture of calcium channel types, saturating
concentrations of CgTX (1-5 uM), dihydropyridine antagonists (nimo-
dipine or nitrendipine, 2-5 um), and w-Aga-IVA (50-200 nmM) block
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Figure 3. w-Aga-IIIA occludes nitrendipine inhibition of L-type cal-
cium channels in CAl hippocampal neurons. 4, Current recorded in
control, in the presence of 200 nM w-Aga-IIIA, and in the presence of
both w-Aga-IITA (200 nm) and 4 umM nitrendipine. Ba (5 mM) current
was elicited every 6 sec by a test pulse from —90 mV to —10 mV. B,
In the same cell, plot of the peak Ba current versus time.

distinct nonoverlapping current components (Mintz et al., 1992b), which
can be referred to as N-type (CgTX-sensitive), L-type (dihydropyridine-
sensitive), and P-type (w-Aga-IVA-sensitive) currents. T-type current
is defined as the low-threshold transient and slowly deactivating current
observed at very negative holding potentials (Carbone and Lux, 1984;
Bean, 1985; Fox et al., 1987).

There was significant variability in the amount of currents sensitive
to the different blockers in individual CA1 neurons. Comparison be-
tween components of current blocked by w-Aga-IIIA, CgTX, and ni-
trendipine were done using cells from the same batches (total of 30
cells). Estimates of current block by w-Aga-IVA with or without preblock
of current by w-Aga-IIIA were from 16 cells, also from the same batch
of 30 cells. All the numbers presented in this study were from batches
of cells in which w-Aga-IIIA has been tested so that numbers for CgTX,
nitrendipine, and w-Aga-IVA current block do not include cells used in
a previous study, in which w-Aga-IVA but not w-Aga-IITA was applied
(Mintz et al., 1992b).

Noise analysis. Noise analysis was performed on series of 30-60 con-
secutive records of current elicited by 40-msec-duration step depolar-
izations applied every second from —70 mV to —40 mV using the
procedure described in Bean (1985). Currents were filtered at 3 kHz.
Current variance was calculated point by point from the difference of
consecutive sweeps in order to minimize artifactual variance arising
from current rundown. Pairs in which the leak current differed by more
than 5 pA were discarded from the analysis. The variance during the
test pulse was corrected for the background variance by subtracting the
variance measured at the holding potential, in the same ensemble of
sweeps. The capacitive transient did not change and the control current
rundown was less than 2% over the recording session in the five ex-
periments selected for analysis. Plots of current variance versus mean
current were fitted with a linear function with the slope equal to the
single channel current.
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Figure 4. w-Aga-IIIA abolishes Bay K 8644-enhanced L-type calcium
current in CA1 hippocampal neurons. Ba (5 mm) current, elicited every
6 sec by a 60-msec-duration step depolarization from —90 mV to —20
mV, was recorded in the presence of 3 um CgTX (thick trace), with both
CgTX and 3 um Bay K 8644, and finally in the presence of CgTX, Bay
K 8644, and 200 nM w-Aga-IIIA. This neuron had no low-threshold
T-type current.

Results

Block of N-type and L-type Ca channels by w-Aga-IIIA in
CAl hippocampal neurons

In hippocampal CA1 pyramidal cells, as in peripheral neurons
(Mintz et al., 1991), w-Aga-IIIA reduced high-threshold Ca cur-
rent with no effect on the low-threshold T-type Ca current. In
Figure 14, T-type current was elicited in isolation by a depo-
larization applied from —110 mV to —50 mV. This current,
carried by 5 mm Ba (as for all experiments), was identified as
low-threshold T-type by its rapid inactivation during the test
pulse, its slowly deactivating tail current upon repolarization to
—-110 mV, and its almost complete inactivation when the cell
was held at —70 mV (lower trace, Fig. 14). In this cell as in
five other CA1 neurons, 200 nM «-Aga-IIIA blocked a fraction
of the high-threshold Ca current (Fig. 1B) with no effect on
T-type current. Block of high-threshold current was always par-
tial. In 14 other CA1 pyramidal cells with no detectable T-type
current, 200 nM w-Aga-IITA blocked the overall high-threshold
Ca channel current by 70 + 4%. Toxin concentrations greater
than 100 nM produced maximal current block; the same current
fraction remained unblocked when w-Aga-IIIA concentration
was increased from 100 nm to 200 nm (not shown).

In subsequent experiments, I used blockers or agonists of the
different high-threshold Ca channel types to identify which Ca
channels are targeted by w-Aga-IIIA.

CgTX, at saturating concentrations, normally blocks ~30-
40% of the high-threshold Ca current in CA 1 hippocampal neu-
rons (Regan et al., 1991; Mintz et al., 1992b). In the batch of
cells used for this series of experiments, CgTX blocked 35 +
4% (n = 15). Yet, when application of 5 um CgTX was con-
secutive to the application of 200 nMm w-Aga-IIIA (Fig. 2), CgTX
had no effect on the high-threshold Ca current of CA1 neurons
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(n = 3), suggesting that w-Aga-IITA blocks CgTX-sensitive N-type
Ca channels.

Dihydropyridine antagonists normally reduce CAl neuron
high-threshold Ca current by ~20-30% (Regan et al., 1991;
Mintz et al., 1992a). In this experimental series, nitrendipine
blocked 16 + 3% (n = 13) of the control current. In Figure 3,

CA1 hippocampal neurons
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Figure 7. w-Aga-IIIA blocks high-threshold calcium currents that are

insensitive to blockers of N-, L-, and P-type calcium channels: in a CAl
hippocampal neuron, time course of the peak Ba current elicited by 60
msec test depolarizations, applied every 6 sec, from —80 mV to —20
mYV, during cumulative application of 4 um nitrendipine, 5 um CgTX,
200 nM w-Aga-IIIA, and 200 nMm w-Aga-IIIA. The dotted lines indicate
the onset of application of the different blockers.

3 uM CgTX. Bay K 8644, which prolongs the openings of L-type
Ca channels (Hess et al., 1984; Nowycky et al., 1985b), more
than doubled the macroscopic current elicited during a test de-
polarization to —20 mV and slowed the deactivation of L-type
current upon repolarization to —90 mV. This slowly deacti-
vating tail current, carried through L-type Ca channels, was
abolished by 200 nM w-Aga-IIIA, as was most of the test pulse
current. These data confirm that w-Aga-IIA blocks high-thresh-
old L-type and N-type Ca currents, but not low-threshold T-type
current, in central neurons.

w-Aga-II1A blocks high-threshold Ca channels other than
L-type and N-type Ca channels

In CA1l hippocampal neurons, the amount of current blocked
by w-Aga-IIIA alone (~70%) is not very different from the total
amount of current carried through N-type (~30-40%) and L-type
(~20-30%) Ca channels (Reganetal., 1991; Mintzetal., 1992b).
In rat DRG neurons, too, the 65% current fraction inhibited by
w-Aga-IIIA (Mintz et al., 1991) is similar to the ~60-70% cur-
rent fraction carried through N- and L-type channels (Regan et
al., 1991; Mintz et al., 1992b). These numbers suggest that
w-Aga-IITIA might mainly target N-, and L-type Ca channels.
To test this hypothesis, I studied the effect of w-Aga-IIIA on
currents insensitive to N- and L-type channel blockers in both
DRG and hippocampal CA1l neurons. Unexpectedly, w-Aga-
ITITIA did produce a significant reduction in the high-threshold
Ca current (Fig. 5) when it was applied after preblock of L-type
and N-type current with 4 uM nitrendipine and 5 um CgTX.
In CAl neurons, w-Aga-IIIA blocked ~70% of the current un-
affected by CgTX and nitrendipine. This current component
represented 35 + 4% (n# = 6) of the overall control current. In
DRG neurons, w-Aga-IITIA blocked ~60% of the current resis-
tant to CgTX and nitrendipine, which amounted to 23 + 7%
(n = 5) of the control current. w-Aga-IIIA must block other
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Figure8. Saturating concentrations of w-Aga-IIIA partially block high-
threshold calcium current in Purkinje neurons: in the same cell, current
records in control conditions, after addition of 200 nm w-Aga-IITA and
increase of w-Aga-IIIA concentration to 400 nm.

high-threshold Ca channels besides CgTX-sensitive N-type and
dihydropyridine-sensitive L-type Ca channels.

Are these channels P-type Ca channels? Occlusion experi-
ments between w-Aga-IITA and the selective P-type Ca channel
blocker w-Aga-IVA addressed this question. In 10 CAl hip-
pocampal cells (as in Fig. 64,B), 100-200 nm w-Aga-IVA was
applied first and blocked 21 + 4% of the current elicited at —20
or —10 mV (Fig. 6F). In six other experiments using the same
three batches of cells, 100-200 nm w-Aga-IVA was applied after
w-Aga-IIIA application (as in Fig. 6C, D); it then blocked a small-
er current fraction, which amounted to 10 = 4% of the overall
control current. These results suggest that w-Aga-IIIA occludes
w-Aga-1VA block of P-type Ca channels partially, by about 50%.

Partial block of a high-threshold Ca current resistant to
blockers of L-, N-, and P-type channels

In most central neurons, a significant component of the high-
threshold current is unaffected by combined applications of
saturating concentrations of CgTX, dihydropyridines, and w-Aga-
IVA (Mintz et al., 1992b), which suggests that other high-thresh-
old Ca channels may exist in addition to the N-, L-, and P-type
Ca channels already described. Occasionally, this current rep-
resented up to 30% of the overall high-threshold current; it was
then possible to quantify its sensitivity to w-Aga-IIIA. In all of
these experiments as in Figure 7, the current remaining in the
presence of CgTX, nitrendipine, and w-Aga-IVA was partially
blocked by 200 nm w-Aga-IIIA. In four CA1 hippocampal neu-
rons in which 25 + 4% of the overall current remained after
block of N-, L-, and P-type Ca channels, 76 + 13% of that
current was blocked by w-Aga-IIIA (a fraction representing 19
+ 4% of the control current). In five CA3 hippocampal neurons
in which 29 + 7% of the control current was unaffected after
block of N-, L-, and P-type Ca channels, 71 % 7% of this current
was blocked by w-Aga-IIIA (a fraction representing 21 + 6% of
the control current). Similar data were obtained in a spinal cord
interneuron and a cortical pyramidal cell, in which w-Aga-IIIA
blocked respectively 65% and 90% of the current remaining in
the presence of saturating concentrations of CgTX, nitrendipine,
and w-Aga-IVA.
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Figure 9. Voltage dependence of P-type current block by w-Aga-1IIA in a Purkinje neuron. 4, Current-voltage relationship for P-type current in
control condition, that is, in the presence of 5 um nimodipine and 3 um CgTX (solid circles), and in the presence of 5 um nimodipine, 3 um CgTX,
and 200 nM w-Aga-IIIA (open circles). Peak currents were measured during 60 msec depolarizations applied from a holding potential of —80 mV
to various test potentials. B, In the same cell, currents elicited by a test pulse applied from —80 mV to +50 mV, in control condition, after addition
of 200 nM w-Aga-IITA and of 50 um Cd. The tail currents were recorded at —60 mV. The inset illustrates in the same experiment current in control
and after addition of w-Aga-ITIA after scaling by a factor of 2 the current recorded in the presence of w-Aga-IIIA (same calibration in B and insez).
C, Activation curves, in the same cell, before and after addition of 200 nm w-Aga-IIIA, and in the presence of 50 um Cd. The data represent the
tails currents recorded at —60 mV following depolarizations to various test potentials (same voltage protocols as in 4 and B). The data in control
and after addition of w-Aga-IITA were fitted with Boltzmann curves of the form I,.,./[1 + exp —(V — V,;)/k] where I, (the maximal tail current),
¥, (the midpoint), and k (the slope factor) were, respectively, 1.5 nA, =21 mV, and 7.5 mV in control and 0.78 nA, —14 mV, and 8 mV in the
presence of w-Aga-IIIA. D, w-Aga-IIIA inhibition of the tail currents (expressed as percentage of the control values) was voltage dependent and
varied with the magnitude of the test depolarization. In this cell, the uncompensated series resistance was 1.1 MQ, which produced a voltage error
of ~0.8 mV at the peak of the I/V relationship and of 1.7 mV for the larger tail currents. Nimodipine (3 uM) and CgTX (3 um) were present
throughout the experiment.

of CgTX and nimodipine to suppress the small fraction of cur-

Partial block of Purkinje neuron P-type Ca current

The block of P-type Ca channels by w-Aga-IIIA was studied in
more detail in cerebellar Purkinje neurons, in which ~90% of
the high-threshold current is carried through P-type Ca chan-
nels. In Purkinje neurons, 200 nM w-Aga-1IIA blocked the over-
all high-threshold Ca current incompletely (Fig. 8). Increasing
the toxin concentration to 400 nM had no additional effect on
current block, showing that maximally effective doses of w-Aga-
ITIA only produced partial block of Purkinje neuron high-
threshold Ca current. Partial block of P-type current was also
observed in experiments performed in the continuous presence

rent (~10%) carried through N- and L-type Ca channels in
Purkinje neurons (Figs. 9, 10).

P-type current block by w-Aga-IIIA was voltage dependent
(Fig. 9). The peak of the current—voltage relationship was shifted
by about +7 mV in three cells in which voltage errors due to
incomplete series resistance compensation were less than 1 mV
(Fig. 94). w-Aga-IIIA reduced current elicited by small depo-
larizations to a large extent, whereas Cd-sensitive outward cur-
rent, carried by internal Cs ions during big depolarizations, was
little affected by w-Aga-IIIA (Fig. 9B). The transition between
most channels being blocked at the negative holding potential
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Figure 10. w-Aga-IIIA altered P-type
current instantaneous current-voltage
relationship. A 1 msec test pulse to +60
mV was used to activate P-type current
maximally. Instantaneous tail currents
observed at various potentials were
measured 300 usec after repolarization
from +60 mV. The data points repre-
sent tail currents versus membrane po-
tential in control (solid circles), after ad-
dition of 200 nm w-Aga-IIIA (open
circles), and after subsequent applica-
tion of 50 um Cd (small circles). The
inset illustrates current relaxations at
+160 mV (upper traces) and —50 mV
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(lower traces) in the same experiment.
The whole experiment was done in the
presence of 3 uM CgTX and 3 uM ni-
modipine.

to most being unblocked at potentials greater than +20 mV
occurred in less than 300 psec. In contrast, tail currents elicited
upon repolarization to —60 mV were inhibited at all test pulse
potentials (Fig. 9C). w-Aga-IIIA did not alter the kinetics of the
deactivating tail currents (Fig. 9B, inset). Yet, the magnitude of
tail current inhibition varied with test pulse potentials (Fig. 9D).
Block of tail current was almost complete after small depolar-
izations (test potentials between —50 and —40 mV at the foot
of the activation curve), but the tail current inhibition decreased
with increasing test depolarizations; at positive large test po-
tentials, tail currents were reduced only by ~50%, independent
of voltage.

w-Aga-IIIA also altered the instantaneous P-type current-
voltage relationship in a voltage-dependent manner (Fig. 10).
Instantaneous tail currents at various membrane potentials were
measured after a 1 msec test pulse to +60 mV. This brief de-
polarization is sufficient for maximal activation of P-type Ca
current in control conditions, since an increase in its duration
or amplitude did not change the subsequent tail currents (not
shown). w-Aga-IIIA reduced Ba-carried inward tail currents to
a larger extent than the Cd-sensitive outward currents carried
by Cs ions through Ca channels. The tail current at —50 mV
was reduced by 40 £ 2% (n = 3), while the Ca channel tail
current at +150 mV was blocked by only 11 + 1% (n = 3).

Interestingly, w-Aga-IITIA did not interfere with the ability of
w-Aga-IVA to block P-type current completely (Fig. 12). The
fraction of P-type current left in the presence of 200 nm w-Aga-
IITA was abolished by 100 nM w-Aga-IVA at all test pulse po-
tentials (Fig. 124). In the presence of w-Aga-IIIA (Fig. 12B),
w-Aga-IVA block of P-type current still occurred with fast ki-

50 100 150
Test potential (mV)

netics and could be relieved by depolarization, as in control
conditions (Mintz et al., 1992b).

w-Aga-IVA-sensitive P-type Ca channels may consist of two
classes of channels, one blocked by w-Aga-IITA, the other com-
pletely insensitive to w-Aga-IIIA. Alternatively, w-Aga-IVA-
sensitive P-type channels may be an homogeneous population
of channels, all of them being sensitive to w-Aga-IITA but par-
tially blocked by w-Aga-IITA. In this case, w-Aga-IIIA might
decrease the single-channel current. To test this, noise analysis
was performed in five Purkinje cells, all recorded in the contin-
uous presence of 3 um CgTX and 2 gM nitrendipine. Current
was elicited by small depolarization to —40 mV, which corre-
sponds to the foot of the activation curve (Fig. 9C). Plots of
current variance versus mean current were fitted with linear
relationships, whose slopes provided an estimate for the single-
channel current before and after addition of w-Aga-IIIA (not
shown). In these five cells, 200 nMm w-Aga-IIIA reduced the mean
current to 39 + 11% and the single-channel current to 66 + 6%
of the control values (0.25 + 0.06 pA in control, 0.18 + 0.02
pA in the presence of w-Aga-IIIA). These data are consistent
with w-Aga-IIIA affecting all P-type channels by reducing their
single-channel current, but they are also consistent with selective
block of a distinct population of channels with a larger unitary
current than the channels remaining unblocked.

Discussion

This study shows that w-Aga-IITA blocks pharmacologically
identified L-type, N-type, and P-type Ca currents in CA1l hip-
pocampal neurons, with no effect on low-threshold T-type Ca
currents. w-Aga-IITA-block of P-type Ca current investigated in
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Figure 11. Kinetics of P-type current block by w-Aga-IIIA. Current,

elicited by 60 msec depolarizations applied from —70 mV to —40 mV
every 6 sec, was recorded in control conditions, in the presence of 200
nM w-Aga-IIIA, and during washout of the toxin. The time course for
current block was fitted with a single exponential with a time constant
of 24 sec.

cerebellar Purkinje neurons was incomplete, voltage dependent,
and accompanied by a reduction of P-type single-channel cur-
rent as determined with noise analysis. In addition, the still
unidentified current that is resistant to CgTX, dihydropyridines,
and w-Aga-IVA was partially blocked by w-Aga-IIIA in a variety
of central neurons.

w-Aga-1114 block of identified high-threshold Ca currents

w-Aga-IIIA block of L-type Ca current was investigated in CA1
hippocampal neurons. L-type Ca current block was complete
and showed no obvious voltage dependence. Channels modified
by dihydropyridine agonists were still sensitive to w-Aga-IIIA,
suggesting that dihydropyridines and «-Aga-IIIA act at distinct
binding sites. These data are consistent with previous results
showing that w-Aga-IIIA completely suppresses L-type Ca chan-
nels in rat DRG neurons and cardiac cells, with the same high
potency (K, ~ 0.5 nM) at all membrane potentials, whether or
not the dihydropyridine agonist Bay K 8644 is present (Mintz
et al., 1991; Cohen et al., 1992).

In contrast to L-type Ca current, other high-threshold Ca
currents appear to be only partially blocked by w-Aga-IIIA.

w-Aga-IIIA partial block of P-type Ca current was primarily
investigated in cerebellar Purkinje neurons. In the presence of
w-Aga-IIIA, the remaining P-type current was still abolished by
100 nM w-Aga-IVA, suggesting that the two spider toxins act at
independent sites. In hippocampal CA1l neurons, incomplete
block is inferred from the fact that w-Aga-IIIA only partially
occluded the blockade of P-type current by w-Aga-IVA (by 50%
at —20 or —10 mV).

Current block by CgTX is prevented by w-Aga-IIIA in hip-
pocampal CAl, indicating that w-Aga-IIIA either blocks CgT X~
sensitive channels or occludes CgTX binding site. w-Aga-IITA
does prevent CgTX binding to chick brain synaptosomal mem-
branes (Venema et al., 1992). Does it block N-type channels?
w-Aga-IIIA alone blocked ~70% of the control current in CAl
neurons. This is comparable to the sum (~80%) of current com-
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Figure 12. Independent block of P-type current by the toxins w-Aga-
IIIA and w-Aga-IVA. A4, P-type current remaining in the presence of
saturating concentration of w-Aga-IIIA was abolished at all test poten-
tials by 100 nm w-Aga-IVA. Plots represent current-voltage relation-
ships for P-type current in control conditions, in the presence of 200
nM w-Aga-ITIA and after addition of both 200 nm w-Aga-IIIA and 100
nM w-Aga-IVA. Nitrendipine (2 um) and CgTX (3 um) were present
throughout the experiment. In this cell, the uncompensated series re-
sistance was 6 MQ, leading to a ~4.2 mV voltage error at the peak of
the current-voltage curve. B, In the presence of w-Aga-IIIA, large de-
polarizations still alleviated w-Aga-IVA block of P-type current. In this
Purkinje cell (same cell as in Fig. 8), Ba (5 mm) current elicited every
6 sec by a 60 msec depolarization from —70 mV to —20 mV was
recorded in the presence of 200 nM w-Aga-IIIA, after an increase of
w-Aga-IIIA concentration to 400 nM, and in the presence of both 400
nM w-Aga-IIIA and 100 nMm w-Aga-IVA. The right dotted line indicates
the onset for toxin washout. The normal pulse protocol was interrupted
on three occasions (see arrows) by a train of 60 msec depolarizations
from —70 mV to +70 mV or +90 mV, applied every 500 msec.

ponents sensitive to CgTX (~35%), dihydropyridine (~16%),
both w-Aga-IVA and w-Aga-ITIA (~ 10%), together with the 20%
current component sensitive to w-Aga-IIIA and carried through
unidentified high-threshold Ca channels. Thus, w-Aga-IITIA
blocks a substantial fraction of the 35% current component
carried through N-type channels. There is some uncertainty as
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to the exact degree of block. The 10% difference leaves open
the possibility that w-Aga-IIIA may block only ~70% of N-type
Ca channels in CAl neurons as it does for N-type Ca current
in frog sympathetic neurons (Boland et al., 1992).

Current components resistant to N-, L-, and P-type Ca chan-
nel blockers were incompletely blocked by w-Aga-IIIA in CAl
neurons, as well as in DRG, cortical, and spinal cord neurons.
Since there are examples of neurons and excitable cells (some
sympathetic neurons, Purkinje neurons, and cardiac cells) in
which high-threshold currents are abolished by (1-3 um) CgTX,
(2-5 umM) nitrendipine, and (50-200 nM) w-Aga-IVA, it seems
reasonable to think that saturating concentrations of these
blockers do block L-, N-, and P-type Ca currents completely
and that the currents left in the presence of the three blockers
are carried through Ca channels other than N-, L-, and P-type
Ca channels. It remains to be investigated whether such currents
are homogeneous and partially blocked by w-Aga-IIIA or het-
erogeneous with components having different sensitivities to
w-Aga-IITIA.

Partial block of P-type Ca current in Purkinje neurons

The complexity of w-Aga-IITA block of P-type Ca current is
apparent in Purkinje neurons. A simple hypothesis considers
an homogeneous population of P-type Ca channels, all sensitive
to w-Aga-IITA and partially blocked. w-Aga-IIIA is a 76 amino
acid peptide with six net positive charges (Venema et al., 1992).
If w-Aga-IIIA binds at or near the external mouth of the channel,
its positive charges at the outside mouth of the channel may
alter the local potential felt by the channel voltage sensors. This
is consistent with the ~7 mV positive shift of the activation
curve and the voltage dependence of tail current inhibition. In
addition to altering channel gating, the toxin may decrease local
Ba concentration and increase the energy barrier for Ba entry
in the channel, due to electrostatic repulsion between Ba ions
and the toxin’s positive charges. Such effects could result in
reduced inward channel current carried by Ba with smaller ef-
fects on outward current carried by Cs. This hypothesis is con-
sistent with the observation that w-Aga-IIIA reduced the inward
limb of the instantaneous current-voltage curve with much
smaller effects on the outward imb. The relative insensitivity
of outward currents to w-Aga-IIIA cannot be explained by volt-
age-dependent unbinding of the toxin; the toxin must stay bound
to some channels that are not blocked at large test depolariza-
tions, since tail currents are blocked instantly upon repolari-
zation from big test potentials. The results from noise analysis
are compatible with a reduction of channel permeation to Ba
ions, but they do not rule out the possibility that w-Aga-IITA
only affects channel gating for example by stabilizing a channel
sub-state with low conductance.

The data do not exclude the possibility that P-type Ca chan-
nels may be heterogeneous, with one population sensitive to
both w-Aga-IITA and w-Aga-IVA and the other sensitive only
to w-Aga-IVA. In such case, w-Aga-IIIA-sensitive channels might
be twice as large as w-Aga-IIIA-insensitive channels, which would
be consistent with the report of different subconductances for
P-type channels in Purkinje neurons (Usowicz et al., 1992).

Evidence favoring a single population of w-Aga-IIIA-sensitive
P-type channels is only indirect. The fraction of P-type current
blocked by w-Aga-IT1IA was rather constant in different Purkinje
neurons (if assessed at the same test pulse potential), which
seems unlikely if two distinct types of channels are involved.
The strongest argument against distinct populations comes from

the voltage dependence of block, especially from the near lack
of block at test potentials positive to +20 mV. It is difficult to
imagine why a population of w-Aga-IIIA—-sensitive Ca channels
would not contribute current positive to +20 mV. A definite
answer will require studies of w-Aga-IIIA block of P-type chan-
nel at the single-channel level.

Comparison with block of N-type and L-type channels

w-Aga-1IIA block of P-type current was potent, with an estimate
for the K, of ~0.5 nM, derived from the toxin on rate and off
rate time constants. Such potency would be similar to that of
w-Aga-IIIA block of N-type currents in frog sympathetic neu-
rons and L-type Ca currents in rat sensory neurons and cardiac
cells (Mintz et al., 1991), suggesting that P-, L-, and N-type Ca
channels may all possess a similar w-Aga-IIIA binding site. w-Aga-
IIIA block of P-, L-, and N-type currents is not identical, how-
ever. In cardiac cells, w-Aga-ITTA completely suppresses L-type
Ca inward and outward currents at all potentials, without af-
fecting gating currents (Cohen et al., 1992; I. M. Mintz and B.
P. Bean, unpublished observations). In frog sympathetic neu-
rons, block of N-type current is partial, slightly voltage depen-
dent, and accompanied by a reduction in the single-channel
current estimated by noise analysis (L. M. Boland, Mintz, and
Bean, unpublished observations). In Purkinje neurons, block of
P-type current is even less complete, more voltage dependent,
and may be accompanied by a reduction in the single channel
current and a change in channel gating. It will be interesting to
see whether the same blocking mechanism is involved in L-,
N-, and P-type channel block by w-Aga-IIIA, with small alter-
ations of the binding site specific to each channel type.

The results suggest that the spider toxin w-Aga-IIIA is not a
very good tool for functional distinctions between different high-
threshold Ca channels in neurons. The toxin lacks selectivity in
distinguishing between high-threshold Ca channels. It does dis-
criminate between high- and low-threshold Ca current in neu-
rons, but the incomplete block of the high-threshold currents
prevents its use to isolate T-type current. The toxin is most
interesting as a potent and complete blocker of L-type channels
in cardiac cells (Mintz et al., 1991) and as a high-affinity ligand
for neuronal high-threshold Ca channels. If it does recognize a
similar binding site on the outer face of neuronal high-threshold
Ca channels, it may be a valuable tool for studies of regions
common to these channels.
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