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w-Conotoxin Block of N-Type Calcium Channels in Frog and Rat

Sympathetic Neurons
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Block of N-type Ca channels by w-conotoxin GVIA (CgTx)
was studied in freshly dissociated bullfrog and rat sympa-
thetic neurons. With 2-5 mm Ba as charge carrier, CgTx
blocked almost all of the high-threshold Ca channel current
recorded in the presence of nimodipine (3 um) to block L-type
Ca channels. Toxin block reversed slowly (time constant ~
1 hr) in frog cells and even more slowly in rat cells. CgTx
block was faster and more potentin rat cells than frog cells.
The rate of block was proportional to CgTx concentration,
consistent with 1:1 binding of CgTx to channels. When the
external Ba concentration was increased, the development
of block was slower, consistent with competition between
CgTx and Ba for a binding site. The recovery from block was
somewhat faster in higher external Ba. Some cells had sig-
nificant current remaining in saturating concentrations of
nimodipine and CgTx, especially with high Ba concentrations
in the external solution. The current resistant to nimodipine
and CgTx was activated at lower depolarizations than the
CgTx-sensitive current and had faster activation and inac-
tivation kinetics, but unlike low-threshold T-type current, the
resistant current had rapidly decaying tail currents.

[Key words: calcium channels, whole-cell patch clamp,
sympathetic ganglion, conotoxin]

w-Conotoxin fraction GVIA (CgTx), a 27 amino acid highly
basic peptide isolated from the venom of the cone snail Conus
geographus (Olivera et al., 1984), blocks a fraction of the Ca
channel current in many vertebrate neurons (Feldman et al.,
1987; Kasai et al., 1987; McCleskey et al., 1987; reviewed in
Bean, 1989; Hess, 1990). Many studies have shown that CgTx
is highly selective for a subset of high-threshold Ca channels
(Aosaki and Kasai, 1989; Jones and Marks, 1989; Plummer et
al., 1989; Regan et al., 1991; Cox and Dunlap, 1992; Kasai and
Neher, 1992: Mintz et al., 1992). Following the demonstration
in chick sensory neurons of two types of high-threshold Ca
channels, named N-type and L-type, with distinct single-channel
characteristics (Nowycky et al., 1986; Fox et al., 1987), Aosaki
and Kasai (1989) showed that the smaller-conductance N-type
channels were selectively blocked by CgTx. Since then, poorly
reversible block by CgTx has been widely adopted as a defining
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characteristic of N-type Ca channels, and molecular cloning has
identified cDNAs in human and rat brain that encode Ca chan-
nels blocked by CgTx with the same high potency and poor
reversibility as native N-type Ca channels (Williams et al., 1992b;
Fujita et al., 1993). Dihydropyridine-sensitive L-type Ca chan-
nels have been found to be completely insensitive to high con-
centrations of CgTx in the vast majority of neurons examined
(Aosaki and Kasai, 1989; Jones and Marks, 1989; Plummer et
al., 1989; Regan et al., 1991; Cox and Dunlap, 1992; Kasai and
Neher, 1992), but occasional individual cells have been en-
countered where there is partial, reversible block of L-type Ca
current (Aosaki and Kasai, 1989; Kasai and Neher, 1992; Myn-
lieff and Beam, 1992) and a cloned L-type Ca channel was
reversibly blocked by high concentrations of CgTx (Williams et
al., 1992a), suggesting that the toxin’s selectivity may not be
absolute.

Despite the utility of CgTx as an N-type Ca channel blocker,
many aspects of its action remain unclear. Only limited dose~
response data are available. Such basic features as the stoichi-
ometry of its interaction with channels and possible state-de-
pendent binding remain uncharacterized. Electrophysiological
studies of CgTx have typically used micromolar concentrations
of toxin, while in biochemical studies the K, for binding is in
the picomolar range (Abe et al., 1986; Cruz and Olivera, 1986;
Barhanin et al., 1988; Feigenbaum et al., 1988; Wagner et al.,
1988). Both binding experiments and electrophysiological stud-
tes (McCleskey etal., 1987; Aosakiand Kasai, 1989) have shown
that binding or block i1s weaker in solutions with higher divalent
concentrations, but there is little detailed information on such
dependence.

We studied these points using frog and rat sympathetic neu-
rons, which have a large fraction of CgTx-sensitive, N-type Ca
channel current (Jones and Marks, 1989; Plummer et al., 1989;
Jones and Jacobs, 1990; Ikeda, 1991; Regan et al., 1991; Mintz
etal., 1992). We found that CgTx block is not voltage dependent
and seems independent of the gating state of the channel. The
kinetics and potency of CgTx block are consistent with 1:1 bind-
ing of toxin to the channel, with estimated K s (in 5 mm Ba) of
~30 nM in frog and ~0.1-0.7 nm in rat. With higher Ba con-
centrations, block is weaker, development of block is slower,
and reversal is faster. In experiments with a Ba concentration
of 112 mu, saturating concentrations of CgTx and nimodipine
leave unblocked a substantial current that has different kinetics
and is activated by smaller depolarizations than the CgTx-sen-
sitive N-type current.

Materials and Methods

Preparation of freshly dissociated neurons. Neurons from the sympa-
thetic ganglia of adult bullfrogs (Rana catesbiana) were prepared as
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previously described (Boland and Bean, 1992) using enzymatic treat-
ment with collagenase and dispase. In a few experiments, neurons were
prepared by a different enzymatic treatment of 2 mg/ml collagenase and
3 mg/ml Sigma protease type XXIII for 60-120 min. This treatment
gave healthy-looking neurons that readily formed gigaseals and had large
Na and Ca channel currents, but the characteristics of CgTx block were
different. The onset of CgTx block was similar, but on washing out
CgTx, a portion (25-50%) of the current recovered within 10-30 sec,
in contrast to the much slower reversal of all the blocked current that
was always seen with collagenase/dispase dissociation. Apparently, about
halfthe CgTx-sensitive channels were altered in such a way as to increase
greatly the dissociation rate of CgTx (while still being blocked by 3 um
toxin). The results are consistent with a protcolytic effect on the chan-
nels, and we did not further study neurons prepared with this dissoci-
ation procedure.

Neurons from the superior cervical ganglia of postnatal hooded rats
(aged 7-55 d) were prepared by a method based on that of Bernheim
et al. (1991). Ganglia were dissected in iced oxygenated Leibovitz’s (L-
15) medium, connective tissue sheaths were removed, and the ganglia
cut in half. Tissue pieces were incubated at 35-37°C in a 0 Ca Tyrode’s
solution containing (in mm) 150 NaCl, 4 KCl, 2 MgCl,, 10 glucose, 10
HEPES, pH 7.4, plus papain (24 U/ml; Worthington Biochemicals), 2
mw pL-cysteine, and 0.5 m EDTA. After 20 min, the enzyme solution
was replaced with a solution containing 1.9 mg/ml collagenase (type [,
Sigma)and 16 mg/ml dispase (Boehringer-Mannheim)in 0 Ca Tyrode’s.
After 45 min at 35-37°C, the tissuc pieces were removed from the
enzyme solution, placed in oxygenated L-15, and stored at 4°C until
use, within 10-12 hr. Tissue pieces were triturated in fresh L-15 medium
to yield single cells.

Voltage clamp. Ba currents through voltage-activated Ca channels
were recorded using the whole-cell configuration of the patch-clamp
technique (Hamill et al., 1981). Patch pipettes were made from boro-
silicate glass tubing (Boralex, Dynalab, Rochester, NY) or R-6 soda-
lime glass (Garner Glass Co.), coated with Sylgard (Dow Corning Corp.,
Midland, MI), and fire polished.

For whole-cell recordings, pipettes had resistances of 1-4 MQ when
filled with internal solution. Currents recorded with a LIST EPC-7(Med-
ical Systems, Greenvale, NY) or Dagan 3900A (Dagan Corp, Minne-
apolis, MN) patch-clamp amplifier were filtered with a corner frequency
of 1-10 kHz (4-pole Bessel filter), digitized (10-25 kHz), and stored on
a computer. All records were corrected for leak and capacitive currents
by subtraction of scaled currents elicited by small hyperpolarizing or
depolarizing pulses (— 10 to +20 mV from the holding potential, usually
—80 mV), which were usually smoothed by fitting points after the first
200 psec or so by the sum of two exponentials plus a constant. In whole-
cell recordings, series resistances ranged from 0.3 to 2.0 M@ after com-
pensation (typically 80-95%). Only data from cells with series resis-
tances and currents small enough to give a voltage error of less than 5
mV were analyzed.

Experimental data were fitted to equations by nonlinear least squares
regression using ORIGIN (MicroCal, Inc., Northampton, MA) or siG-
MAPLOT (Jandel Scientific). All statistics are given as mean + SEM.

Fluctuation analysis was done by the method of Sigworth (1980).
Ensembles of currents were generated by a series of identical voltage
pulses delivered every 2 sec. Currents were filtered at 3 kHz. The vari-
ance was calculated between successive sweeps and then averaged over
all the pairs. Single-channel current was estimated by plotting the vari-
ance as a function of the mean current and fitting the data by variance
=i«]—I*N.

All experiments were done at room temperature (21-25°C).

Solutions. The standard internal solution consisted of (in mm) 108
CsCl, 9 HEPES, 9 EGTA, 4.5 MgCl,, and an ATP-regenerating solution

(Forscher and Oxford, 1985). pH 7.4 with CsOH. The ATP-regenerating’

solution consisted of (in mm) 14 creatine phosphate (Tris salt; Sigma),
4 Mg-ATP (Sigma), and 0.3 GTP (Tris salt; Boehringer-Mannheim or
Sigma), pH 7.4 with Tris base. In some experiments, internal CsCl was
replaced by Cs-glutamate with no effect on CgTx block. In experiments
with Cs-glutamate, 10 mV was subtracted from the nominal membrane
potential to correct for the junction potential between the pipette so-
lution and the bath solution in which the pipette was zeroed prior to
contacting a cell. The pipette was sealed to the cell in a modified Tyrode’s
solution consisting of (in mm) 4 BaCl,, 2 CaCl,, 2 MgCl,, 150 NaCl, 4
KC1, 10 glucose, and 10 HEPES, pH 7.4. Immediately after establishing
the whole-cell configuration, cells were lifted from the bottom of the
dish, and external solutions were applied by moving the cell or patch

in front of a stream of solution applied from one of 10-12 microcapillary
tubes (1 ul “microcaps,” 64 mm length; Drummond Scientific) giued
together side by side and fed by gravity from a reservoir positioned
about 0.5 m above. For Ba concentrations of 30 mm or less, BaCl, was
added to 160 mm TEA-CI, 10 mm HEPES, pH adjusted to 7.4 with
TEA-OH. In the solution with 55 mm Ba, the TEA-Cl concentration
was reduced to 80 mm. The highest Ba concentration was 112 mm,
prepared with 110 mm BaCl, and 10 mm HEPES, adjusted to pH 7.4
using ~2.5 mm Ba(OH).. All external solutions contained 1 mg/ml
cytochrome C to minimize loss of peptide by binding to glass and plastic.
Some solutions (noted in figure legends) contained TTX to block Na
channel currents (which were small, very rapid outward currents carried
by Cs, since Ba is impermeant in Na channels). In early experiments
on frog cells, we added 0.1 mm EGTA to external solutions in order to
minimize contamination by trace inorganic blockers (perhaps lead) sus-
pected to be present in some solutions. However, we later found that
EGTA slightly slowed the rate of block by 3 um CgTx, without having
any effect on the rate of recovery from block. EGTA was therefore
omitted in later experiments, including all of those on the kinetics and
concentration dependence of toxin block. The presence of EGTA in
some experiments is noted in the figure legends.

Stock solutions of nimodipine (the generous gift of Dr. Alexander
Scriabine, Miles Laboratories, West Haven, CT) were prepared in poly-
ethylene glycol and stored in the dark at —20°C. Working solutions of
dihydropyridines were prepared immediately prior to use by dilution
of the stock solution with the external recording solution (final PEG
concentrations were <0.2%). w-Conotoxin (fraction GVIA) was pur-
chased from Peninsula Peptides (Belmont, CA).

Results

Reversibility of w-conotoxin block

Figure 1 shows experiments in frog (4) and rat (B) sympathetic
neurons in which 3 um CgTX inhibited the Ca channel current
carried by 5 mm Ba. In these and all other experiments, both
the control and test external solutions contained at least 3 um
nimodipine to inhibit L-type Ca channels. Nimodipine typically
inhibited only a small fraction (5-10%) of current in both frog
and rat sympathetic neurons, consistent with previous studies
with dihydropyridines (Hirning et al., 1988; Jones and Marks,
1989; Plummer et al., 1989; Regan et al., 1991; Miniz et al,,
1992). CgTx (3 um) blocked all or almost all of the remaining
current in both frog and rat neurons. The development of block
was strikingly faster in rat (time constant ~ 2 sec) compared to
frog neurons (time constant ~ 30 sec). There was also a differ-
ence in reversibility. In frog neurons, block slowly reversed after
toxin was removed. In cells with particularly stable currents,
nearly complete recovery was seen after an hour or so (e.g., Fig.
14); with 5 mm Ba as charge carrier, the average time constant
of recovery was 57 + 7 min (n = 12). In contrast, recovery was
much slower and less complete in rat neurons, even with wash
periods up to 70 min (e.g., Fig. 1B). The comparison is com-
plicated by the rundown of calcium channel current that occurs
in the absence of toxin, but extrapolating the expected control
current in rat neurons showed that substantial reversal would
have been seen had it been as fast as in frog. The reversal of
block must be at least several times slower in rat neurons than
in frog neurons.

In most experiments, the development of block was assayed
by depolarizations delivered every 5 sec. However, the depo-
larizing pulses were not necessary for the development of block.
In several experiments with both frog and rat neurons, depo-
larizations were halted while toxin was applied, and current was
completely blocked during the first test pulse given after the
application. During washout of toxin from frog neurons, recov-
ery was not altered if depolarizations were delivered at a higher
or lower frequency. Block of P-type Ca channels by the spider
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Figure 1. Block by 3 um CgTx with 5 mM Ba as charge carrier. 4, Time
course of block and recovery from block in a frog sympathetic neuron.
Current was evoked every 3 sec by 30 msec voltage steps from a holding
potential of —80 mV to a test potential of 0 mV. Current was measured
at the end of the test pulse after correcting for leak current (calculated
from a step from —80 mV to —70 mV). The block of current could be
well fitted with a time constant of 26 sec and the reversal with a time
constant of 52 min (not shown). Inset, Leak-corrected currents in control
and after exposure to CgTx for 3 min. Cell BC42D. B, Time course for
CgTx block in a rat sympathetic neuron. Current was evoked by 30
msec voltage steps from —80 mV to 0 mV, delivered every 3 sec. Cell
BC42E. External solution for both parts: 5 mm BaCl,, 160 mMm TEA-
Cl, 10 mm HEPES, 3 uM nimodipine, pH 7.4 with TEA-OH.

toxin w-Aga-IVA can be quickly reversed by a series of large
depolarizations (Mintz et al., 1992) but such trains (e.g., ten 50
mse¢ steps to + 120 mV delivered at 1 Hz) did not affect N-type
channels blocked by CgTx.

Dose dependence of w-conotoxin block

Figure 2 shows concentration-response relationships for CgTx
block in frog (4) or rat (B) neurons using 5 mm Ba as charge
carrier. At the lower concentrations of CgTx (<300 nMm in frog
and <30 nM in rat), it was impossible to measure true steady-
state block because the development of block was so slow that
it could not be clearly distinguished from the rundown of current
seen in the absence of toxin. We therefore measured block
“isochronally” as the amount of block after 15 min. The open
symbols at zero toxin concentration represent 135 min applica-
tions of toxin-free solution, showing the reduction due to run-
down. The data were fitted by curves assuming 1:1 binding and
saturating block of 99% for frog cells and 95% for rat cells. From
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Figure 2. Dose dependence of CgTx block in frog (4) and rat (B)
sympathetic neurons. Data points are the mean (+SEM) fraction of
initial current left unblocked after 15 min. The open symbol in each
plot represents the current remaining after 15 min of rundown in control
solution (0.70 + 0.07 for eight control frog neurons, 0.78 + 0.04 for
six control rat neurons). Determinations for 0.3 nm to 3 uM CgTx were
made in three to nine neurons each. Solid lines are the best least-square
fits to the equation (¥, — y)/(1 + [CeTxVK,) + y, where y, is the
fraction of current remaining after 15 min in toxin-free solution, y, is
the fraction of current after block by saturating concentrations of toxin,
and K, is the concentration producing half-maximal block of the toxin-
sensitive current. Frog neurons: K, = 33 nM, y, = 0.70, y, = 0.01; rat
neurons: K, = 0.69 nm, y, = 0.78, y, = 0.05. External solution: 5 mm
BaCl,, 160 mm TEA-CI, 10 mm HEPES, 3 uM nimodipine, pH adjusted
to 7.4 with TEA-OH (all experiments without EGTA in the external
solution). Currents were elicited by 30 msec steps from —80 mV to the
potential giving maximal current (— 10 or 0 mV). Depolarizations were
delivered at rates varying from every 10 sec (for toxin-free solutions
and low concentrations of toxins) to every second (for higher concen-
trations).

the fits, half-maximal block was obtained with about 30 nMm
toxin in frog and about 0.7 nM in rat.
Stoichiometry of w-conotoxin block

What is the stoichiometry of CgTx block of channels? The dose—
response relationships in Figure 2 cannot answer this question
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fit, was set based on the reversal data
in Figure 10B, and k,, was varied for
the best fit. Inset, Reciprocal of block-
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of rat neurons, prepared from 7- and
8-d-old rats, with three to five cells for
each CgTx concentration. Currents were
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to 0 or +10 mV, delivered every 0.5-
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with k,, = 2.0 x 10° Mm~'sec™! and k
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experiments, the external solution was
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because équilibrium was not reached at low concentrations. We
turned instead to measurements of the rate of block as a function
of CgTx concentration, using toxin concentrations high enough
that block was complete. The time course of block in frog neu-
rons could be fitted well with a single exponential (Fig. 34). For
concentrations from 0.33 to 12 um, block was complete, al-
though only the first 200 sec are shown in Figure 34. The re-
ciprocal of the blocking time constant (1/7,) is a linear function
of CgTx concentration (Fig. 3B), suggesting that block results

[CgTx] (uM)

from 1:1 binding of toxin molecules to channel molecules. The
slope corresponds to a binding rate constant of 1.2 x 10*M~'sec™!
for frog neurons. In rat neurons, the rate of block also increased
linearly from 0.1 uM to 2 umM (inset, Fig. 3 B) but the correspond-
ing rate constant is about 20 times higher.

All-or-none block

Several types of experiments showed that if CgTx was applied
for a short period so that block was only partial, the properties
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Control

Figure 4. Partial and complete CgTx
block at different test potentialsin a frog
neuron. Currents were elicited by 10
msec steps from —80 mV to test po-
tentials from —70to +170 mV. 4, Leak-
corrected currents at 0 mV (left) and
+170 mV (right) in control, after ap-
plication of 3 um CgTx for 10 sec (pro-
ducing about half maximal block, after
which the cell was returned to control
solution while the currents at different
test potentials were recorded), and after
application of 3 um CgTx for 4 min,
producing maximal block. B, Current-
voltage relationship for test pulse cur-
rent recorded as in A. External solution:
2 mm BaCl,, 160 mM TEA-CI, 10 mMm

3 uM CgTx
for 10 sec

3 uM CgTx
for 4 min

50 100

V (mV)

of the unblocked channels were identical to those in control.
Figure 4 shows the voltage dependence of Ca channel currents
in control, after 3 um toxin applied for 10 sec blocked about
50% of the current, and after further exposure to 3 uMm toxin for
several minutes produced maximal block. With partial block
by the short application of CgTx, currents were blocked to about
50% at all voltages, regardless of whether current was inward,
carried by Ba ions, or outward, carried by Cs ions. With satu-
rating block, Ca channel current was blocked nearly completely
at all potentials. In this cell, a small fraction of inward current
(~6% at —10 mV) remained unblocked, but in most other cells
there was no such current remaining. The small outward current
at very positive potentials that remained in this experiment after
saturating CgTx block could be partly through the small fraction
of unblocked Ca channels and partly through other channels
(e.g., Cs flowing through potassium channels). Similarly, when
partial block of the whole-cell current was produced by short
applications of CgTx, both the voltage dependence of inacti-
vation (Fig. 5) and the single-channel current estimated from
fluctuation analysis (Fig. 6) were unaltered from control. The

150

HEPES, 3 uM nimodipine, 3 um TTX,
pH 7.4 with TEA-OH (no EGTA in
external solution). Cell BC34D.

results are consistent with all-or-none block of individual chan-
nels, so that when a channel is blocked it is incapable of passing
any current, either inward or outward. The results further sug-
gest that once established, block is not readily reversed or en-
hanced by depolarization; neither short (10 msec) depolariza-
tions up to +170 mV (Fig. 4) nor longer (2 sec) depolarizations
up to —10 mV (Fig. 5) affect the amount of block.

Effects of divalent concentration on blocking rate

The development of CgTx block was slower in higher Ba con-
centrations in both frog and rat neurons. Figure 74 compares
the rate of block by 3 um CgTx in two different frog neurons,
one with current carried by 5 mm Ba, where block developed
with a time constant of 29 sec, and one studied with current
carried by 30 mm Ba, where block developed with a time con-
stant of 354 sec (block was eventually complete in the 30 mm
Ba solution, although only the first 150 sec are shown). In rat
neurons, block was also slower when higher Ba solutions were
used. Figure 7B shows examples, with 3 um CgTx blocking with
a time constant of 2.4 sec in 5 Ba and 7.6 sec in 30 mm Ba.
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Figure 5. Effect of inactivation on CgTx block in a frog neuron. A4,
Experimental protocol showing the brief applications of 3 um CgTx
(solid bars) to produce increasing amounts of partial block in a frog
neuron. During the partial block by toxin, inactivation curves were
obtained by assaying the test current at —5 mV following a series of 2
sec prepulses from —110 mV to —10 mV. B, Ba current amplitudes
were determined at the points indicated on the time course by control
(), after 44% block by CgTx (), after 66% block by CgTx (¢), and after
85% block by CgTx (d). Thin lines connect the data points; thick lines
are scaled versions of the control curve with scaling factors of 0.56 (b),
0.34 (¢), 0.15 (d). External solution: 5 mm BaCl,, 160 mm TEA-CI, 10
mwm HEPES, 0.1 mm EGTA, 3 gM nimodipine, 1.5 um TTX, pH 7.4
with TEA-OH.

In frog neurons, there was a roughly linear relationship be-
tween the time constant of block and the concentration of Ba.
For example, the time constant for block by 3 uMm CgTx was 44
+ 3 secat S mm Ba (n = 25) and 493 + 51 sec at 55 mwm Ba
(n=4). A simple possibility is that CgTx competes with Ba for
a binding site that either can occupy. In this case, the rate of
block by CgTx would be proportional to the fraction of sites
not occupied by Ba. For simple 1:1 binding of Ba to the binding
site, the fraction of sites not occupied by Ba would vary linearly
with Ba at concentrations well above the K, for Ba binding. In
Figure 7C, the rate constant for block by 3 um CgTx (calculated
as the reciprocal of the time constant divided by 3 um) is plotted

versus Ba concentration on a log-log scale. The data are rea-
sonably well fitted by a line of slope —1, as would result if all
the Ba concentrations (from 0.5 to 55 mm) are well above the
K, for Ba binding to the hypothetical binding site. The solid
lines in the figure show the predicted relationship between the
rate constant for CgTx block and Ba concentration assuming
binding sites with different K s for Ba binding. The data are
consistent with Ks below about 100 um.

Effects of ionic strength on CgTx kinetics

In the experiments varying Ba shown in Figure 7, the effects
could be due either to a specific effect of Ba or a consequence
of the higher ionic strength of the solutions with higher BaCl.,.
An effect of ionic strength on blocking kinetics would be ex-
pected. Many ion channels behave as if there is a negative surface
potential on or near the channel (reviewed by Hille, 1992). Such
a surface potential would serve to concentrate a positively charged
molecule like CgTx (net charge of +5 predicted at neutral pH).
Solutions of higher ionic strength would reduce the surface po-
tential produced by negative charges on or near the channel and
thus produce a lower local concentration of CgTx and slower
block.

To test the effects of ionic strength independent of specific
effects of Ba, we varied the concentrations of monovalent ions
while studying CgTx block in solutions containing 2 mm Ba to
carry charge. CgTx block was dramatically faster in a low-ionic-
strength solution of 2 mm BaCl, in 300 mm sucrose (with 10
mMm HEPES and ~5 mMm TEA-OH) than with a “standard”
solution with 160 mM TEA-CI in place of the sucrose (Fig. 84).
CgTx (0.5 um) blocked with an average time constant of 9 + 1
sec (n = 6) in the sucrose solution and with a time constant of
71 £ 3 sec (n = 5) in the standard TEA-CI solution. Similarly,
further increasing the ionic strength by adding 100 mM CsCl to
the standard solution resulted in slower block (Fig. 8B). CsCl
was selected to increase the ionic strength since it was found to
be nearly “inert” for permeation through L-type Ca channels
(Kuo and Hess, 1992); consistent with this, addition of 100 CsCl
had almost no effect on current in the standard TEA-CI solution
in the same cell. CgTx (3 M) blocked with an average time
constant of 12 £ I sec (# = 5) in the standard TEA-Cl solution
and with a time constant of 22 + 3 sec (n = 8) in the same
solution with 100 mMm CsCl added.

Figure 8C shows the collected results of experiments varying
TEA-CI and CsCI. When the time constant of block was con-
verted to a first-order rate constant for blocking, this was the
same for block by 0.5 um CgTx and 3 uM CgTx in the standard
solution, consistent with 1:1 binding of toxin to receptor. Com-
pared to the standard TEA-Cl solution (ionic strength, 171 mm),
block was ~10 times faster in the sucrose-containing solution
(ionic strength, 11 mm) and ~40% slower in the CsCl-containing
solution (ionic strength, 271 mm). Figure 8D shows that these
results can be fitted well by simple Gouy-Chapman theory as-
suming that there is a negative surface charge of —0.004 ¢/A?
near the channel and that the toxin molecule behaves with an
equivalent valence of +2. These values were determined by trial
and error calculations with different surface charges and effective
valences.

Using these parameters for surface charge and effective va-
lence of CgTx, Figure 8 D shows how the rate of CgTx is predicted
to vary in solutions with different amounts of BaCl, (in solutions
of 160 mM TEA-CI, as for the experimental determinations in
Fig. 7) if the only effect is to screen surface charge. The predicted



p
Ly
o
Q

S 600 |- Control
< 5 mM Ba, -30 mV LN
§ 400
L}
_5 200 o
@
> 0 I I
0 200 400 600 800 1000
Mean Current (pA)
B
(:l\ 150 o Cng .:.‘.:..o
g_ i=0.39 pA . -3 ;.
- 100
g
.g 50 -
g 0 4.. - " - T L)
‘0 50 100 150 200
Mean Current (pA)

C V (mV)
30 -20 -10 0 10 20

T | 1 T T
—~ -01
-
3,
4023
@)
=
O Control - -03 §
® CgTx :’;
4 04

Figure 6. Noise analysis of partial CgTx block in frog neurons. Cur-
rents were elicited by voltage pulses from —80 mV to —30 mV, applied
every 2 sec, and sampled at 20 usec after filtering at 3 kHz (4-pole
Bessel). After recording a series of 42 control pulses, CgTx (3 uM) was
applied for about 15 sec until current was blocked by about 80%, and
a series of 38 pulses was then recorded. The variance at each time point
was calculated for each pair of successive currents and averaged over
the pairs for each series. Background (non-Ca channel) variance was
calcuiated for the points at —80 mV before the depolarization, and this
value was subtracted from the variance during the depolarization. 4,
Variance versus mean current for the control series of pulses. Back-
ground variance of 65 pA? was subtracted. Data were fitted by least-
squares to the relation expected for noise from homogeneous, indepen-
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changes in the rate of block are far less than seen experimentally,

especially at low Ba concentrations. The comparison suggests
that the effects of Ba on blocking kinetics are larger than can be
explained by simple surface charge screening.

CgTx block in the presence of Cd

Ca channels can be blocked by inorganic ions such as Cd, which
probably bind at the same sites as are occupied by Ca and Ba
during the permeation process. If CgTx binding also involves
one of these sites, CgTx binding might be affected by the pres-
ence of Cd. We therefore tested for possible effects of Cd on the
rate of CgTx binding. Such an experiment is shown in Figure
9A. Application of 1 um CdCl, in an external solution containing
5 mmM Ba inhibited about 75% of the current. Subsequent ad-
dition of 3 um CgTx resulted in complete block of the remaining
current with a time constant of 30 sec, similar to the rate of
block in experiments without Cd present. In collected experi-
ments done under the same conditions, 3 uM CgTx blocked with
a time constant of 23 + 3 sec in the presence of | um Cd (n =
7) and a time constant of 21 + 4 sec in the absence of Cd. The
binding rate of CgTx is apparently not affected by partial block
by Cd.

Effects of divalent concentration on recovery rate

In addition to changing blocking kinetics, the concentration of
Ba affected the rate of recovery from CgTx block (Fig. 10), but
not nearly as dramatically. In frog neurons, recovery from block
was about threefold fasterin 112 mM external Ba (mean recovery
time constant 21 + 2 min, » = 9) than in 5 mM Ba (57 £ 7
min, # = 12). In the simplest mechanisms whereby CgTx would
occupy a binding site that could also be occupied by Ba, there
would be no acceleration of CgTx unbinding by Ba ions. But
since the permeation pathway of the Ca channel can be occupied
by multiple Ba ions (Hess and Tsien, 1985; Kuo and Hess,
1993a—c), it is possible that CgTx can bind to channels that are
occupied by one or more Ba ions. If so, CgTx might compete
with Ba at a site to which Ba can bind very tightly (consistent
with the data in Fig. 7) but Ba might be present in CgTx-blocked
channels at another site with lower afhnity for Ba, which could
be occupied by Ba at high millimolar concentrations of Ba but
not lower concentrations. Ba, at this second site, might speed
CgTx unbinding by electrostatic repulsion. If such a second Ba
binding site is internal to the higher-afhinity site for which Ba
and CgTx compete, it might be inaccessible when the channel

—

dent channels: variance = { ~ I — I*/N, where / is the unitary current,
I is the mean current, and N is the number of functional channels. The
line is drawn for i = 0.39 pA, N = 57,280. Since the fitted parabola is
not far from a straight line, the fit is not very sensitive to the value of
N, which is therefore not well determined. The first 160 usec of the test
current was omitted due to imperfectly corrected capacitative transients.
B, The same analysis for currents after partial CgTx block. Background
variance of 64 pA? was subtracted. The line is the best least-squares fit,
with i = 0.39, N = 12,327. The fit is close to a straight line and is not
sensitive to the value of N. Cell LD16C. C, Unitary current estimated
from noise analysis versus test potential for control currents (open cir-
cles) and currents after partial (70-85%) CgTx block (solid circles). Data
points are the means = SEM for three to five cells, except for CgTx
data at —20, —10, and +10 mV, which are the average from two cells.
Unitary current for an individual cell was obtained as the average of
two or three determinations in the cell. The line (slope = 7.3 pS) was
fitted by linear regression to the control data from ~30to O mV. External
solution: 5 mm BaCl,, 160 mMm TEA-CI, 10 mm HEPES, 0.1 mm EGTA,
10 um nimodipine, 3 um TTX, pH 7.4 with TEA-OH.
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Figure 7. Effect of Ba concentration on CgTx blocking rate. 4, The
time course of 3 uM CgTx block in 30 mm Ba (solid triangles) or 5 mm
Ba (open circles), in two frog neurons. Currents are normalized to the
size at the time of toxin application. Solid lines are single exponentials
decaying to zero, with time constants of 354 sec for 30 mm Ba and 29
sec for S mm Ba. Cells JB12C and JB22A. B, Block by 3 um CgTx in
30 mm Ba (solid triangles) or 5 mm Ba (open circles), in two rat neurons.
Solid line fitted to 30 mm Ba data is a single exponential of time constant
7.6 sec decaying to a steady-state value of 0.22. Solid line fitted to §
mM Ba data is a time constant of 2.4 sec decaying to a steady-state of
0.15. Cells JB73C and JB91A. C, Rate constant of block versus Ba
concentration in frog neurons. Data points are the inverse of the time
constant of block (mean + SEM, n = 4=35). Currents were evoked by
voltage steps to voltages near the peak of the current-voltage relation-
ship; these ranged from —20 mV (in 0.5 mm Ba) to +20 mV (in 55 mm
Ba). The interpulse interval was 5 sec (for 0.5-10 mm Ba) or 8 sec (30~
55 mm Ba). The solid lines are drawn according to k,/(1 + [Ba)/K,),

is blocked by CgTx. In this case, a channel blocked by CgTx
applied in 5 mM Ba might recover with a rate typical of that
with 5 mmM Ba if the external solution is switched to 112 mm
Ba after complete block has been produced in 5 mm Ba. Such
an experiment is shown in Figure 104. Contrary to the expec-
tations of this simple model, recovery from block was accel-
erated immediately on changing from 5 mM Ba (recovery time
constant, 88 min) to 112 mm Ba (time constant, 17 min). Ev-
idently the CgTx binding is somehow destabilized by external
Ba ions, not just by Ba ions trapped inside the channel.

Since CgTx binding is slower in higher Ba, and CgTx un-
binding is faster, the dissociation constant of CgTx binding must
be considerably higher in 112 Ba compared to 5 mM Ba. In frog
neurons studied with 112 Ba, the binding rate constant is 7 x
10> M~ 'sec~! (Fig. 7C) and the unbinding rate constant is 8§ 10—+
sec~! (Fig. 10B), giving a calculated K, of 1.1 um. This can be
compared to the K, of 33 nM measured in 5 mm Ba.

For the rat neuron studied with 112 Ba in Figure 10C, the
onset of block could be fitted by a time constant of 13 sec, and
the recovery was fitted with a time constant of 20 min (fit as-
suming partial recovery to 0.7 nA), or a time constant of 40
min (fit assuming eventual complete recovery). These on and
off rate constants correspond to a K, of 0.2-0.4 um in 112 mm
Ba. This implies 500-1000-fold weaker binding of CgTx in 112
Ba compared to 5 Ba.

Current remaining unblocked by CgTx and nimodipine

In many frog neurons, application of saturating concentrations
of CgTx in the presence of 3 uM nimodipine blocked all of the
inward current elicited by depolarizations (e.g., Fig. 1 4). In some
frog neurons, though, clear inward current remained. A small
component of current resistant to both dihydropyridines and
CgTx was previously reported by Jones and Jacobs (1990).

As will be discussed, the current resistant to both blockers
was most prominent in solutions containing high Ba concen-
trations. However, in some cells, such current could be clearly
detected in solutions containing 2 mM Ba. An example is shown
in Figure 11. In this cell, where all solutions contained 10 uM
nimodipine, application of 3 um CgTx greatly reduced both
inward and outward currents activated by depolarizations, with
the CgTx-sensitive current reversing polarity at about +50 mV.
However, a clear depolarization-activated inward current re-
mained with nimodipine and CgTx, producing a peak inward
current of ~300 pA at —20 mV (Fig. 11B). This represents
about 5% of the 6 nA inward current before CgTx. The resistant
current had a slightly different voltage dependence, reaching a
peak at —20 mV while the CgTx-sensitive current peaked at
—10 mV. CgTx had little effect on current activated at —50
mV, where depolarization-activated current first became de-
tectable, and inhibited the current at —40 mV by less than half.
Apparently the resistant current activates over a slightly more
negative voltage range than the CgTx-sensitive current. This

—

the relation expected if CgTx competes with Ba for a binding site, where
k, is the hypothetical rate of block of CgTx with no Ba and X, is the
dissociation constant for Ba binding to the site. Lines are drawn for X,
= 1 mM (with k, = 4.7 x 10° M~'sec™'), K, = 100 um (with k, = 4.7
x 105 m~'sec'), K, = 10 um (with k, = 4.7 x 10° Mm~'sec!), and K,
=1 uM (with k, = 4.7 x 107 m~'sec™'). External solutions: 0.5-55 mm
BaCl,, 160 mm TEA-C! (80 mm TEA-CI with 55 mm BaCl,), 0.1 mm
EGTA (frog data only), 10 mm HEPES, pH adjusted to 7.4 with TEA-
OH.



might be consistent with low-threshold T-type current, but the
resistant current did not have the kinetic characteristics of T-type
current, which include rapid inactivation and slowly deactivat-
ing tail currents. Figure 11C-F compares the kinetics of the
resistant current at —20 mV with those of the predominant
CgTx-sensitive current. Both the CgTx-sensitive current and the
resistant current deactivated quickly at —80 mV; while the de-
activation time constant for the resistant current (0.46 msec)
was significantly slower than that of the CgTx-sensitive current
(0.17 msec), both are much faster than the tail time constants
of several msec seen for T-type channels in frog sensory neurons
under similar conditions (B. P. Bean, unpublished observa-
tions). The activation kinetics of the resistant current were also
different than those of the CgTx-sensitive current, the resistant
current activating with a predominant time constant of 1.1 msec
and the CgTx-sensitive current with a time constant of 2.8 msec.
The different voltage dependence and kinetics of the resistant
current compared to the CgTx-sensitive current suggests that
the two are carried by distinct channel types, rather than re-
flecting incomplete block by CgTx of a single class of channels.
" The current resistant to both nimodipine and CgTx was more
prominent in experiments using higher Ba concentrations to
carry the current. Even in cells where there was little or no
resistant current with 2 mm Ba as charge carrier, there was a
sizeable fraction of current that remained unblocked when 112
mMm Ba was used as charge carrier. An example is shown in
Figure 12. In this cell, current-voltage relationships were de-
termined with both 2 mM Ba and 112 mm Ba in solutions
containing 10 um nimodipine. CgTx (30 um) was then applied
in 2 mM Ba and produced rapid and complete block of the
current at all potentials (closed circles in Fig. 12B). When the
solution was switched to 112 mm Ba (also containing 30 CgTx
with 10 uM nimodipine), however, there was a current of ~2
nA evident within a few seconds of changing the solution. The
current in 112 Ba was not due to unbinding of CgTx from the
channels, since current in 2 mm Ba remained completely blocked
when the cell was quickly transferred back and forth between
the two solutions (Fig. 124).

Figure 12C shows the current—voltage relationship for current
carried by 112 mm Ba. The resistant current activates over a
more negative voltage range than the CgTx-sensitive current,
producing significant current at —40 to — 10 mV that is almost
unaffected by CgTx. Both the resistant current and the CgTx-
sensitive current reverse at ~+70 mV, consistent with an equal-
ly high selectivity for Ba over Cs. As for the results with 2 mM
Ba in Figure 11, the different voltage dependence of resistant
current is reminiscent of T-type current, but unlike T-type cur-
rent, the resistant current has rapidly deactivating tail currents
(Fig. 12C, inset). The resistant current apparently inactivates
somewhat faster than the CgTx-sensitive current, decaying by
20-25% during the 30 msec steps used in this experiment, but
T-type channels would show much more prominent inactivation
under these conditions.

A similar nimodipine- and CgTx-resistant current was seen
in rat sympathetic neurons, where it was also more prominent
in conditions with high Ba concentrations. In rat sympathetic
neurons, a current remaining in nimodipine and CgTx was al-
most always evident in solutions with 5 mm Ba as charge carrier,
and this resistant current was a larger fraction of the total current
in solutions with higher Ba concentrations. Figure 13 shows an
example. In this cell, with 112 mm Ba as charge carrier, 30 um
CgTx blocked about 70% of the current in the continuous pres-
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ence of 3 um nimodipine. To check if the concentrations of
nimodipine or CgTx were saturating, both were then increased.
Increasing nimodipine from 3 uM to 10 uM nimodipine had no
effect on the remaining current, and increasing CgTx from 30
uM to 100 uM also had no effect on the current (Fig. 13B). These
were consistent observations. Increasing the CgTx concentration
from 30 uM to 100 uM had no further effect in each of three
cells, and in collected results, 30 um CgTx blocked 69 + 35%
(n==6)and 100 um CgTx blocked 72 + 3% (n = 6) of the current
(with 112 mm Ba carrying current in the presence of 3 um ni-
modipine). Increasing the nimodipine concentration from 3 to
10 um (Fig. 134) produced no further block of the current in
each of three cells. As in frog neurons, the resistant current in
rat neurons did not have the characteristics of T-type current.
Depolarizing the holding potential from —80 mV to —40 mV,
which would be expected to inactivate T-type current com-
pletely under similar conditions, reduced the resistant current
by ~35% but did not eliminate it. The resistant current had tail
currents at —80 mV that were nearly as rapidly deactivating (+
= 0.59 msec) as those of the CgTx-sensitive current (r = 0.46
msec). As in frog neurons, the resistant current activated with
a predominant time constant that was faster than that of the
CgTx-sensitive current (Fig. 13C).

As in frog neurons, the current resistant to both nimodipine
and CgTx in rat neurons activated over a more negative voltage
range than the CgTx-sensitive current (Fig. 14A4), so that the
current elicited by depolarizations in the range of —10 to +10
mV in 112 mwM Ba is almost entirely resistant to block by CgTx
and nimodipine. In the cell whose results are shown in Figure
14, as for that depicted in Figure 13, the resistant currents have
fast tail currents. As in frog neurons, the resistant current shows
somewhat faster inactivation kinetics than the CgTx-sensitive
current (Fig. 14B,C). This is particularly evident for larger de-
polarizations (Fig. 14C), but even for the step to +30 mV shown
in Figure 14C, the resistant current decays by only about 25%
during a 30 msec step, much slower than would be expected for
T-type current.

Discussion

Potency, stoichiometry, and reversibility

CgTx blocked the great majority of Ca channel current in both
frog and rat sympathetic neurons. In the experiments reported
here, we used solutions containing nimodipine to block L-type
Ca channels, which have previously been found to make up only
5-10% of the overall high-threshold current in both frog and
rat sympathetic neurons. With L-type channels blocked, CgTx
blocked an average of ~97% of the remaining current in frog
neurons and ~90-95% of the remaining current in rat neurons
when studied with 5 mm Ba as charge carrier. These results are
consistent with previous results.

There were significant differences in the characteristics of CgTx
block between frog and rat sympathetic neurons. Block was
more potent, developed faster, and reversed more slowly in rat
neurons than in frog neurons. In both frog and rat neurons,
toxin molecules seem to block channels with a 1:1 binding re-
action, since the rate of block is a linear function of toxin con-
centration (Fig. 3). Although the time course of reversal of block
was very slow in frog neurons, with an average time constant
of 58 min, it was even slower in rat neurons, such that in most
neurons no reversal was detectable. In frog neurons, the un-
binding rate constant is 2.9 x 10~ sec~!. Together with the

“binding rate constant of 1.2 x 104 Mm~'sec-' and assuming a 1:1
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Figure 8. Effect of ionic strength on rate of CgTx block. 4, The time course of block by 0.5 um CgTx in low-ionic-strength external solution
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binding reaction (see below), a K, of 28 nM is predicted in frog A Frog

neurons. This is similar to the K, of 33 nM estimated directly

from the amount of block by different concentrations (Fig. 2). 5 1 uM Cd

In rat neurons, the K, of 0.69 nm from the fitted dose-response b

curve is certainly an overestimate, since 15 min is not long 4 ™

enough to reach steady-state block at lower toxin concentrations.

The offrate in rat neurons is too slow to be measured accurately, 3 L

but a lower limit can be estimated as ~2 x 10~* sec™!, since g 3 uM CgTx

there is detectable (more than a few percent) recovery in 15-20 = oL : 3
min in some rat cells (e.g., Fig. 1 B). (An upper limit of ~2 x ' )
10-* can be estimated, since this would give ~10% recovery in ! :
10 min, which could have been seen easily in most cells.) To- Tr b
gether with the forward rate constant of ~2.0 x 10° Mm~'sec™! 0 | !

from Figure 3, the lower limit estimate of k., would give a lower
limit estimate of 0.1 nM for the K, in rat neurons. Thus, the 0 5 10 15 20
dose-response data in Figure 2 and the comparison of kinetics Time (min)
suggest that the binding affinity in rat neurons is between 50-
fold and 300-fold higher than in frog neurons. B
The K, of 0.1-0.7 nm for N-type channels in rat neurons,
determined with a 5 mm BaCl,, 160 mm TEA-CI solution, can
be compared with Ks of 0.8—-60 pm estimated from binding of -
iodinated CgTx to rat brain membranes (Feigenbaum et al.,
1988; Wagner et al., 1988), determined in divalent-free sucrose
solutions. It seems likely that the difference in K,s is mainly
accounted for by the different ionic conditions. Interestingly,
the difference is mainly in the on rate for toxin binding, since
the off rate of ~10-3 sec! found in the binding experiments
(Feigenbaum et al., 1988; Wagner et al., 1988) is only ~20-fold 0 -
lower than the upper limit of 2 x 10-4 sec~! that we estimate
from electrophysiological experiments. Consistent with this, our

Ton (s)

Control 1 UM Cd

Figure 9. CgTx block in the presence of Cd. 4, Time course of leak-

experiments show a very strong dependence of on rate with
divalent concentration (Fig. 7).

All-or-none block
All of the resultsare consistent with the idea that toxin molecules

corrected Ba current in a frog neuron evoked by a test pulse from —80
mV to 0 mV, showing the effect of 1 um Cd and subsequent addition
of 3 um CgTx in the presence of Cd. The decline of current after addition
of CgTx is fitted by a time constant of 30 sec (a solid line that overlaps
with the data points). B, Time constant (mean = SEM) for block by 3
uM CgTx in the absence (n = 4) or presence (n = 7) of 1 um Cd. External

bind and unbind slowly and that a channel is completely blocked
when toxin is bound. Toxin blocked outward as well as inward
current, and block was equal at different test potentials and after
2 sec prepulses to different potentials. Thus, block is not mod-
ulated by voltage, at least not on the time scale of milliseconds
to seconds. This is consistent with toxin binding equally well
to different gating states (resting, open, and inactivated) of the
channel and is in striking contrast to block of P-type Ca channels
by the spider toxin w-Aga-IVA, where block can be reversed
within hundreds of msec by strongly activating depolarizations

solution: 5 mm BaCl,, 160 mm TEA-Cl, 3 uM nimodipine, 10 mM
HEPES, pH 7.4 with TEA-OH (no EGTA in the external solution).

(Mintz et al., 1992; I. M. Mintz and B. P. Bean, unpublished
results).

Effect of ionic strength and Ba on binding kinetics

One of the goals of this work was to understand better the
dependence of CgTx blocking kinetics on divalent concentra-

—

160 mm TEA-Cl, 10 mm HEPES, pH adjusted to 7.4 with ~5 mM TEA-OH. Currents are normalized to the size at the time of toxin application.
Solid lines are single exponentials with time constants of 8 sec for the low-ionic-strength solution and 60 sec for the standard solution. Cells BC40K
and BC40G. B, The time course of block by 3 um CgTx in standard solution compared to that in a high-ionic-strength solution (2 mum BaCl,, 160
mum TEA-Cl, 100 mum CsCl, 10 mm HEPES, pH adjusted to 7.4 with ~5 mm TEA-OH). Solid lines are single exponentials with time constants of
14 sec for the standard solution and 33 sec for the standard solution. Cells BC41F and BC41N. C, Collected results for solutions with 2 mm BaCl,
and variable monovalent ions. The first-order blocking rate constant was calculated as 1/(r = [CgTx]). Values are 2.2 = 0.2 x 10° m~'sec™' for
low-ionic-strength solution with 0.5 um CgTx (n = 6), 2.9 + 0.1 x 104 m~'sec™ for standard solution with 0.5 um CgTx (r = 5),2.9 + 0.2 x 10*
M~ 'sec~! for standard solution with 3 um CgTx (n = 5), and 1.8 £ 0.1 x 104 Mm~'sec~' for high-ionic-strength solution with 3 um CgTx (n = 8).
D, k., relative to that in standard solution is plotted versus ionic strength. Smooth line is calculated from Gouy-Chapman theory assuming a surface
charge of —0.004 electron charges/A* and an effective valence of +2 for the CgTx molecule. For each ionic solution, the Grahame equation was
solved iteratively to obtain the surface potential, and this potential was used in the Boltzmann equation to calculate the surface concentration of
CgTx relative to that in the bulk solution. Relative k,, is proportional to the concentrating factor relative to that for standard solution. Values of
surface charge and effective valence were systematically varied (over ranges of 0.001 to —0.03 e/A? and +1 to +6 valence, respectively) to find
the prediction closest to the data. E:Line is predictions for k,, relative to that in the standard solution, calculated for a surface charge of —0.004
¢/A? and effective valence of +2, when BaCl, is varied in a solution of 160 mm TEA-CI, 10 mm HEPES, pH 7.4 with 5 mm TEA-OH. Points,
Experimental data replotted from Figure 7.
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Figure 10. Effect of Ba concentration on recovery from CgTx block.
A, Acceleration of recovery from CgTx block in a single frog neuron in
which the Ba concentration was raised from 5 mum to 112 mm during
the recovery phase. The test potentials used were 0 mV in 5 mm Ba
and +52 mV in 112 mMm Ba, chosen to give nearly equal current am-
plitudes in the control solutions. The recovery in 5 mM Ba is fitted with
an exponential of time constant 88 min, and the recovery in 112 mm
Ba is fitted with an exponential of time constant 17 min; neither is
visible since they overlie the data points. The time constants were fitted
assuming eventual recovery to 4.6 nA, the size of the current before
CgTx. B, Recovery time constant versus Ba concentration in frog neu-
rons; data points are mean = SEM (n = 3-12). Test potentials were
varied according to the Ba concentration as for the experiments in Figure
7. The interpulse interval was constant at 10 sec. Recovery was fitted
assuming eventual recovery to the magnitude of current before CgTx
block. External solutions (in mM): 5-30 BaCl,, 160 TEA-CI, 0.1 EGTA,
10 HEPES, pH 7.4 with TEA-OH; or 110 BaCl,, 0.1 EGTA, 10 HEPES,
pH 7.4 with Ba(OH), (about 2 mm). C, Partial recovery from block by
30 um CgTx in a rat neuron studied with 112 mM Ba. The onset of
block could be fitted by a time constant of 13 sec, and the recovery was
fitted with time constants of 20 min, fitted assuming partial recovery

tion. An especially interesting possibility is that the effect occurs
primarily because of a competitive interaction between CgTx
and divalent ions at binding sites that form part of the per-
meation pathway through the pore. Taken together, our results
are consistent with this hypothesis, but other possibilities cannot
be ruled out.

Part of the effect of increasing Ba concentrations is likely
exerted relatively indirectly, as a result of screening of surface
charge on the channel or membrane. We found that the blocking
kinetics of CgTx could be altered dramatically without changes
in Ba by changing the concentration of monovalent ions. These
effects are most simply interpreted as reflecting screening of a
negative surface charge. The negative surface potential from
negative surface charge would produce an increase in the local
concentration of the CgTx molecule, which is a basic peptide
with a charge of +5 at neutral pH (Olivera et al., 1984). The
effect of varying monovalent ions could be fitted well with a
simple surface charge model with a surface charge of —0.004
e¢/A? and an effective charge of CgTx of +2. The behavior of
CgTx as a lower effective valence than +5 is reasonable, since
only part of the molecule would be within the Debye distance
over which the effects of surface charge would decay, and the
CgTx molecule would certainly not behave as a simple point
charge. Only charged residues near the part of the CgTx molecule
that binds to the channel may contribute significantly to the
effective charge of the CgTx molecule, and this may be consid-
erably less than the charge on the whole molecule.

The effects of changing BaCl, with TEA-CI at 160 mm were
far larger than would be predicted by the simple surface charge
model that could fit the effects of monovalent changes. This was
especially obvious for lower Ba concentrations (for changing
BaCl, from 0.5 to 2 mm, the blocking rate constant slowed by
threefold), where the changes expected from surface charge
screening alone are minor (10% predicted for the simple surface
charge model) in the face of the effects of the constant 160 mm
TEA-CI.

On a log-log plot, the effective rate constant for CgTx blocking
varied with Ba with a slope of about —1 (Fig. 7). This is what
would be expected if CgTx competed with Ba for a binding site
with a high affinity for Ba. The selectivity of Ca channels for
divalent ions is thought to derive from high-affinity binding
sites (Almers and McCleskey, 1985; Hess and Tsien, 1985),
which are located at or near the external mouth of the channel
(Kuo and Hess, 1993a,b). Thus, it is reasonable to hypothesize
that the interaction of CgTx and Ba occurs at these same binding
sites. In this case, CgTx might block the channel by the simple
mechanism of physically plugging the permeation pathway.
However, the results with Cd are not consistent with a model
of a single binding site that can be occupied competitively by
Ba, Cd, or CgTx, since the occupancy of a large fraction of
channels at any one time by 1 um Cd (which would be expected
to bind and unbind fast on the time scale of CgTx binding)
should then slow the overall rate of block by CgTx. The fact
that CgTx block was not slowed by 1 umM Cd (which blocked by
~75%) suggests that channels with a Cd in the binding site can
st,.ill be blocked by CgTx. One possibility is that Ba and Cd

—

to 0.7 nA, or 40 min, fitted assuming eventual complete recovery. These
on and off rate constants correspond to a K, 0f 0.2-0.4 uM in 112 mm
Ba.
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interact differently with the high-affinity binding site and that
CgTx can bind when Cd is bound but not when Ba is bound.

Although the effect of Ba on blocking kinetics can be ration-
alized on the basis of competition for binding sites in the per-
meation pathway, it is also possible that the CgTx binding site
is distant from the pore of the channel. CgTx might block the
channel by an “allosteric” mechanism of preventing the channel
from opening. In this case, the interaction between Ba and CgTx
block would be mediated through binding sites for Ba distinct
from the permeation pathway. The existence of such binding
sites would not be surprising. In most cases, where the effects
of divalent ions in shifting channel gating have been studied,
models that include specific binding sites for divalents fit the
data much better than simple surface charge models. This is
true for effects on the gating of Na channels as well as Ca chan-
nels, so that such binding sites need have no connection with
the permeation pathway of the channel.

The hypothesis that CgTx binds at the high-affinity binding
sites for divalent ions in the permeating pathway can be tested
by mutagenesis. The N-type Ca channel has been cloned from
both human and rat brain (Dubel et al., 1992; Williams et al.,
1992b; Fujita et al., 1993). For L-type channels, mutagenesis
experiments have identified particular glutamate residues that
help form the high-affinity binding sites involved in divalent

CgTx-sensitive

Ton = 28ms

Nimodipine-,

CgTx-resistant
TnA| el - -

‘r'llr"llllllllll

-50 0 50 100 -50
V(mV)

0 50 100
V(mV)

Figure 11. Current resistant to CgTx
and nimodipine in a frog sympathetic
neuron. CgTx (3 uM) was applied in a
solution of 2 mM Ba, 160 mMm TEA-CI,
3 um nimodipine, 3 uM TTX, 10 muMm
HEPES (pH 7.4 with TEA-OH). 4, Cur-
rent-voltage relation for peak leak-cor-
rected current in control (open circles),
after maximal block by 3 um CgTx (sol-
id circles) and after addition of 1 mm
CdCl, (open squares). B, The same
points plotted with a different current
scale. C-E, Kinetics of leak-corrected
currents elicited by a step to —20 mV.
In Dand E, activation and deactivation
phases are overlaid with single-expo-
nential fits with the indicated time con-
stants. Cell BC34F.

Toff = 0.17 ms

Toff = 0.46 ms

ion permeation (Kim et al., 1993; Yang et al., 1993). It will be
interesting to see if mutation of corresponding residues of N-type
channels alters CgTx binding as well as ion selectivity,

Current resistant to CgTx and nimodipine

In both frog and rat sympathetic neurons, there was often sig-
nificant current remaining when high concentrations of CgTx
were applied in the presence of nimodipine. In frog cells, this
CgTx- and dihydropyridine-resistant current generally amount-
ed to only a few percent of the overall current when studied
with low (0.5~5 mm) Ba concentrations but was much more
prominent when studied with high (20~112 mm) Ba concentra-
tions (Fig. 12). In some rat neurons studied with 5 mm Ba, there
was no current remaining in CgTx and nimodipine, while in
others the CgTx- and dihydropyridine-resistant current amount-
ed to 15-20% of the overall current. The current was more
regularly prominent in rat neurons studied with higher Ba con-
centrations.

In both frog and rat neurons, the current resistant to nimo-
dipine and CgTx had different kinetics and voltage dependence
than the predominant CgTx-sensitive current. The CgTx- and
dihydropyridine-resistant current activated over a more nega-
tive voltage range, activated more rapidly, inactivated more
rapidly, and had slightly slower tail currents. The differences
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Figure 12,  CgTx- and nimodipine-re-
sistant current carried by 112 mm Ba
in a frog neuron. 4, Time course of Ba
currentelicited by a step to OmV during
changes in Ba concentration and appli-
cation of 30 um CgTx. Symbols show
leak-corrected current at 0 mV record-
ed in an external solution of 2 mm BaCl,,
160 mm TEA-CI, 10 uMm nimodipine, 3
uMm TTX, 10 mMm HEPES (pH 7.4 with
TEA-OH) (solid circles) or 110 mm
BaCl,, 10 um nimodipine, 3 um TTX,
10 mm HEPES, pH 7.4 with Ba(OH),
(open inverted triangles). Application of
30 um CgTx in 2 mM Ba completely
blocked the current, but substantial
current carried by 112 Ba remained un-
blocked. Current was elicited every 1
sec during transitions between solu-
tions. With CgTx, current disappeared
in less than a second on switching from
112 mm Ba to 2 mm Ba while current
grew for several seconds when switch-
ing from 2 mM Ba to 112 mm Ba. Band
C, Current—voltage relationships with 2
mm Ba and 112 mm Ba, recorded at
times indicated by rectangles in A. C
inset, Leak-corrected currents elicited
by steps to 0 or +30 mV before and
after (asterisk) application of 30 um
CgTx in 112 mm Ba. Cell BC31G.

C 112mMBa

suggest that the CgTx- and dihydropyridine-resistant current
arises from different channels rather than representing “CgTx-
resistant N-type channels’ or partial block of individual N-type
channels. The CgTx- and dihydropyridine-resistant current is
not like conventional T-type current, which inactivates consid-
erably faster, activates over a more negative voltage range, and
has much slower tail currents. The CgTx- and dihydropyridine-
resistant current almost certainly does not represent P-type Ca

-1 0 1 2 3
Time (min)

50 100
V (mV)

-—o— Nimodipine
—o—+ 30 uM CgTx

150

100

channels, because previous studies have shown no effect of the
P-type Ca channel blocker w-Aga-IVA on overall current in
sympathetic neurons (Mintz et al., 1992; Mintz and Bean, 1993;
Zhu and Ikeda, 1993). Consistent with this, in one rat sympa-
thetic neuron with a sizeable CgTx- and dihydropyridine-resis-
tant current, 200 nM w-Aga-IVA did not affect current remaining
in 3 uMm nimodipine and 3 um CgTx.

Recent experiments by K. S. Elmslie, P. J. Kammermesier,
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and S. W. Jones (personal communication) have also shown in
frog sympathetic neurons a prominent component of current in
high Ba concentrations that is insensitive to CgTx and dihy-
dropyridines, and they have further shown that this current is
insensitive to modulation by norepinephrine, another difference
from N-type channels in the neurons. It will be interesting to
compare the single-channel characteristics of the CgTx- and
dihydropyridine-resistant channels with N-type Ca channels. In
a single-channel study on frog sympathetic neurons, Delcour et
al. (1992) briefly noted the occurrence of a population of single-
channel events with single-channel size smaller than normal
N-type channels. They noticed that these events activated over
a somewhat more negative voltage range, which would be con-
sistent with the CgTx- and dihydropyridine-resistant current at
the whole-cell level. Further correlations between whole-cell and
single-channel recordings are needed.

CgTx-sensitive

Nimodipine-,
CgTx-resistant

Ton= 1.4 ms

Figure 13. Current resistant to CgTx
and nimodipine in a rat sympathetic
neuron. A, Time course of the experi-
mental protocol indicating the drug ap-
plications. The test potential was +25
mV. The holding potential was —80 mV
or —40 mV, as indicated. B, In a dif-
ferent rat sympathetic neuron, leak-
corrected currents elicited by a step to
+25 mV before and after application
of 100 um CgTx in a solution containing
10 uM nimodipine. C, Kinetic compar-
ison of CgTx-sensitive current (ob-
tained by subtraction of the currents in
B) and current resistant to both CgTx
and nimodipine. Activation and deac-
tivation phases are overlaid with single-
exponential fits with the indicated time
constants. External solution for both
experiments: 110 mm BaCl,, 10 mm
HEPES, 3 um TTX, pH adjusted to 7.4
with Ba(OH)..

Toff = 0.46 ms

Tof = 0.59 ms

In rat neurons, we observed considerable cell-to-cell vari-
ability in the amount of CgTx- and dihydropyridine-resistant
current, and such variability is also evident in previous reports.
In previous studies from our laboratory, only 5% (Regan et al.,
1991) or 2% (Mintz et al., 1992) of the current in rat superior
cervical ganglion neurons remained unblocked by CgTx and
dihydropyridines, while 10% of the current remained in the cells
studied with 300 nm CgTx (a saturating concentration) in Figure
2. It is possible that the CgTx- and dihydropyridine-resistant
current is more prominent in SCG neurons from older rats,
since the fraction of current blocked by CgTx is consistently
smaller in neurons from adult rats (Ikeda, 1991, 1992; Zhu and
Ikeda, 1993) than in younger rats (Regan et al., 1991; Mintz et
al., 1992).

The characteristics of the CgTx- and dihydropyridine-resis-
tant current do not fit neatly with those of T-type, L-type, N-type,
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Figure 14. Current—voltage relation for
CgTx- and nimodipine-resistant cur-
rent in a rat neuron. CgTx (30 uM) was
applied in a solution containing 110 mm
BaCl,, 3 uM nimodipine, 3 um TTX, 10
mM HEPES [pH adjusted to 7.4 with
Ba(OH),]. A, Peak current versus volt-
age before and after application of CgTx.
B, Currents at +10 mV (¢top) and +30
mV (bottom) before and after applica-
tion of CgTx. The currents at +30 mV
were averaged from 10 sweeps to re-
duce noise. The tail current without
CgTx is truncated to save space. C, Ki-
netic comparison of CgTx- and nimo-
dipine-resistant current with CgTx-sen-
sitive current (obtained from subtracting
the traces in B). The currents were scaled
to have the same peak magnitude. Cell
LD41C.

or P-type channels. Interestingly, the characteristics (activation
range lower than N- and L-type channel but higher than T-type
channels, inactivation faster than N-type channels but slower
than T-type channels, insensitivity to dihydropyridines, CgTx,
and w-Aga-IVA) are similar to those of two recently expressed
cloned channels (Ellinor et al., 1993; Soong et al., 1993) that
also do not fall neatly into existing classifications and are also
reminiscent of a fraction of current in cerebellar granule neurons
remaining with dihydropyridines, CgTx, and w-conotoxin MVIIC
(Ellinor et al., 1993). Many other central and peripheral neurons
possess sizeable current remaining unblocked by CgTx, dihy-
dropyridines, and w-Aga-IVA (Mintz et al., 1992), but in most
cases, the kinetics and voltage dependence of the current have
not yet been characterized. Adrenal chromafhn cells (Artalejo
et al., 1992) and rat insulinoma cells (Pollo et al., 1993) both

Nimodipine

\

Nimodipine-, CgTx-
CgTx- sensitive
resistant
| 500 pA
10 ms

possess a CgTx- and dihydropyridine-resistant current (in ad-
dition to separate components sensitive to CgTx and dihydro-
pyridines); in adrenal chromaffin cells, the resistant current ac-
tivates with somewhat faster kinetics than the CgTx-sensitive
current (Artalejo et al., 1992), as we found.

An interesting unanswered question is why the CgTx- and
dihydropyridine-resistant current is so much more prominent
in high Ba concentrations. This is especially true in frog sym-
pathetic cells, where in most neurons the current is almost un-
detectable with 2-5 mm Ba but is quite prominent with 112 mM
Ba, even in the same neurons (e.g., Fig. 12). The difference may
reflect resting inactivation of the channels in low Ba concentra-
tions, which would be consistent with the current taking a few
seconds to increase on fast solution changes from 2 mm to 112
mM Ba (Fig. 12). Another possibility is that the characteristics



of Ba permeation are different than L-type or N-type channels,
where single-channel current increases sublinearly with Ba con-
centration.
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