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Inhibition of voltage-dependent calcium channels by
w-conotoxin MVIIC («-CTx-MVIIC) was studied in various types
of rat neurons. When studied with 5 mm Ba2™ as charge carrier,
o~-CTx-MVIIC block of N-type caicium channels in sympathetic
neurons was potent, with half-block at 18 nm. Block of N-type
channels had a rapid onset (r ~1 sec at 1 um w-CTx-MVIIC) and
quick reversibility ( ~30 sec). The rate of block was propor-
tional to toxin concentration, consistent with 1:1 binding of
toxin to channels, with a rate constant (k,,) of ~1 X 10°m~" -
sec”'. Both potency and rate of block were reduced dramati-
cally with increasing concentrations of extracellular Ba®*.
w-CTx-MVIIC also blocked P-type calcium channels in cerebel-
lar Purkinje neurons, but both development and reversal of
block were far slower than for N-type channels. The rate of

block was proportional to toxin concentration, with k_, ~1.5 X
10°m ' -sec™ ' at 5 mm Ba® ™. From this value and an unblock-
ing time constant of ~200 min, a dissociation constant of ~50
nm was estimated. Thus, block of P-type channels is potent but
very slow. In hippocampal CA3 pyramidal neurons, «-CTx-
MVIIC blocked ~50% of the high-threshold calcium channel
current; one component (~20%) was blocked with the rapid
kinetics expected for N-type channels, whereas the other com-
ponent was blocked slowly. The component blocked slowly
was reduced but not eliminated by preexposure to 200 nv or 1
um w-Aga-IVA.

Key words: calcium channels; w-conotoxin MVIIC; Purkinje
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Naturally occurring peptide toxins are useful for distinguishing
among different types of calcium channels. Several known toxins
are highly selective. w-conotoxin GVIA, from the cone snail
Conus geographus (Olivera et al., 1984), potently and selectively
inhibits “N-type” channels, which contribute most of the calcium
current in sympathetic neurons and a smaller fraction in most
other neurons (Jones and Marks, 1989; Regan et al., 1991; Boland
et al.,, 1994). Channels expressed from cloned e,y subunits are
blocked potently by w-conotoxin GVIA and are identified with
N-type channels (Williams et al., 1992; Fujita et al.,1993; Stea et
al., 1993). Another selective toxin is w-Aga-IVA, a spider toxin
that potently blocks the “P-type” channels that predominate in
Purkinje neurons (Mintz et al., 1992b) but has no effect on N-type
channels or on dihydropyridine-sensitive L-type channels (Mintz
et al., 1992a). This toxin may be less selective than w-conotoxin
GVIA, because weak block of a component of current in cerebel-
lar granule neurons has been reported (Randall and Tsien, 1995).
No cloned channels are known to be blocked by w-Aga-IVA with
high potency, but channels expressed by «; , subunits are blocked
weakly (Sather et al., 1993; Stea et al., 1994).

Toxins that have blocking activity against components of cal-
cium current resistant to the well characterized blockers should be
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useful in further characterizing calcium channels in central neu-
rons. One such toxin is w-conotoxin-MVIIC (w-CTx-MVIIC),
identified from a cDNA library from the venom gland of the snail
Conus magus (Hillyard et al., 1992). When the peptide coded by
the cDNA was synthesized, it proved to have blocking activity
against mammalian calcium channels. In hippocampal CA1l neu-
rons, w-CTx-MVIIC blocked not only N-type current sensitive to
w-conotoxin GVIA but other components as well, and it also
inhibited P-type channels in Purkinje neurons (Hillyard et al.,
1992). The toxin also blocks channels formed by «,, subunits
expressed in Xenopus oocytes (Sather et al., 1993; Zhang et al.,
1993, Stea et al., 1994; DeWaard and Campbell, 1995), and it
apparently targets calcium channels that contribute to synaptic
transmission but are resistant to both GVIA (Wheeler et al., 1994)
and w-Aga-IVA (Lovinger et al., 1994; Wu and Saggau, 1995a).

Because w-CTx-MVIIC inhibits multiple types of channels, it is
important to establish the concentration-dependence and kinetics
for inhibition of particular channels. Our principal goal was to
characterize the potency and kinetics of o-CTx-MVIIC block of
N-type and P-type channels, which can be studied as the predom-
inant channel types in rat sympathetic neurons and Purkinje
neurons, respectively. We found that the toxin blocks both chan-
nel types with high potency but with very different kinetics. In
hippocampal neurons, w-CTx-MVIIC blocked multiple compo-
nents of current, including a component that was insensitive to
w-conotoxin GVIA, nimodipine, and 1 uM w-Aga-IVA. Knowl-
edge of the characteristics for block of particular channel types
will be useful in the further use of the toxin to disrupt functions of
calcium channels such as synaptic transmission.

MATERIALS AND METHODS

Cell preparation. Purkinje neurons and hippocampal CA3 pyramidal neu-
rons were isolated from the brains of 6- to 21-d-old Long-Evans rats by
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using solutions modified from those of Furshpan and Potter (1989) and
enzyme treatment like that of Kiskin et al. (1990). Brain tissue was
dissected out in ice-cold “dissociation solution” consisting of 82 mMm
Na,SO,, 30 mm K,SO,, 5 mm MgCl,, 10 mm HEPES, 10 mm glucose, and
0.001% phenol red indicator, pH 7.4, adjusted with NaOH. Cerebellum
or hippocampus was cut with a tissue chopper into 400 uM thick slices.
The slices were transferred into the dissociation solution with 3 mg/ml
protease XXIII (Sigma, St. Louis, MO) and incubated at 37°C for 7-8
min. The slices were then rinsed twice in the dissociation solution at 37°C
with added 1 mg/ml trypsin inhibitor (Sigma) and 1 mg/ml bovine serum
albumin (Sigma), pH 7.4, adjusted with NaOH. After enzyme treatment,
slices were stored in the dissociation solution (with trypsin inhibitor and
bovine serum albumin) at 22°C under an oxygen atmosphere. As cells
wére needed, slices were withdrawn (and the CA3 region dissected, in the
case of hippocampal slices) and triturated (~20 passages through the tip
of a fire-polished Pasteur pipette) to release cells. Purkinje neurons were
identified morphologically by their large cell bodies (15-25 um diameter)
with a single dendritic stump.

Rat superior cervical ganglion (SCG) neurons were prepared by fol-
lowing a modification of the protocol of Bernheim et al. (1991). Ganglia
were dissected from 15- to 21-d-old rats in Leibovitz’s L-15 medium (Life
Technologies, Gaithersburg, MD) incubated at 35°C for 20 min under an
O, atmosphere in a solution containing 25 U/ml papain (Worthington
Biochemicals, Freehold, NJ), 0.5 mm EDTA, 2 mMm cysteine, 150 mm
NaCl, 4 mm KCl, 2 mm MgCl,, 10 mm glucose, and 10 mm HEPES, pH
7.4. They were then transferred into a solution with 2 mg/ml collagenase
(Type I, Sigma), 16 mg/ml dispase (grade II; Boehringer Mannheim,
Indianapolis, IN), 150 mm NaCl, 4 mm KCl, 2 mM MgCl,, 10 mm glucose,
and 10 mm HEPES, pH 7.4, for 45 min at 35°C under oxygenation.
Ganglia were stored for up to 6 hr at 4°C in oxygenated Leibovitz’s
medium. When needed, SCG neurons were released from ganglia by
gentle trituration through a Pasteur pipette tip.

Electrophysiological methods. Currents through voltage-activated cal-
cium channels were recorded using the whole-cell configuration of the
patch-clamp technique (Hamill et al., 1981). Patch pipettes were made
from borosilicate glass tubing (Boralex, Dynalab, Rochester, NY) or R-6
glass (Garner Glass, Claremont, CA) coated with Sylgard (Dow Corning,
Midland, MI) and fire-polished. Pipettes had resistances of 1-4 M{) when
filled with internal solution. Currents were recorded with a List EPC-7
(Medical Systems, Greenvale, NY) or an Axopatch 200A (Axon Instru-
ments, Foster City, CA) patch-clamp amplifier. Currents were filtered
with a corner frequency of 1-10 kHz (4-pole Bessel filter), digitized
(10-25 kHz) using a BASIC-FastLab interface and software (Indec
Systems, Sunnyvale, CA) or a Digidata 1200 interface and Pclamp6
software (Axon Instruments), and stored on a computer. Compensation
(typically 80-95%}) for series resistance (typically ~2.5 times higher than
the pipette resistance) was used. Only data from cells with residual series
resistance and current small enough to give a voltage error of <5 mV
were analyzed. Calcium channel currents were elicited by test pulses to a
voltage near that giving peak inward current for the particular cell type
and the external solution being used. w-CTx-MVIIC block in sympathetic
and Purkinje neurons showed no voltage-dependence, with currents in-
hibited equally well at all voltages. Calcium channel currents were cor-
rected for leak and capacitive currents, either by applying 300 um CdClL,
to block calcium channel current or by subtracting a scaled current
elicited by a 10 mV hyperpolarization from —80 mV. In some cases,
particularly with hippocampal neurons, when test pulses were near 0 mV
it was more accurate to measure current during the test pulse without
leak correction, because linear extrapolation of leak current between —80
mV and —90 mV obviously predicted too much outward leak, and leak
current reverses very near 0 mV (Swartz and Bean, 1992).

All experiments were performed at 20-25°C. Statistics are given as
mean *+ SEM unless noted otherwise.

Solutions. Unless noted otherwise, the internal solution was 122 mm
tetracthylammonium chloride (TEACI), 4.5 mm MgCl,, 9 mm EGTA, 9
mM HEPES, 4 mM Mg-ATP, 14 mm creatine phosphate (Tris salt), 0.3
mM GTP (Tris salt), pH 7.4, adjusted with TEAOH. In some experiments
with sympathetic neurons, the internal solution contained 108 mm cesium
methanesulfonate rather than 122 mm TEACI; in these experiments, the
reported voltages are corrected for a junction potential of —10 mV
between the internal solution and the Tyrode’s solution in which current
was zeroed before forming a seal. There was no obvious difference
between the two internal solutions in the characteristics of calcium
channel currents or block by o-CTx-MVIIC. The standard external solu-
tion contained 5 mm BaCl,, 160 mM TEACI, 10 mm HEPES, 1 mg/ml
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cytochrome C (Sigma), pH 7.4, adjusted with TEAOH. To isolate N-type
current in sympathetic neurons, solutions contained 10 uM nimodipine,
and to isolate P-type current in Purkinje neurons, solutions contained
5-10 uM nimodipine and 1 uM w-conotoxin GVIA. In some experiments,
as noted, 2 mM or 25 mM BaCl, were used (TEACI was reduced to 145
mM when 25 mMm BaCl, was used). In a few experiments, 1 uM tetrodo-
toxin was present in the external solution and had no effect on the results.
In experiments using Ca?" as charge carrier, the external solution was 2
mm CaCl,, 2 mM MgCl,, 1 mM TEAC], 154 mM NaCl, 10 mM glucose, 10
mM HEPES, 1 uM tetrodotoxin, pH 7.4, adjusted with NaOH. External
solutions were exchanged in <1 sec by moving the cell between contin-
uously flowing solutions from 140 or 250 wm diameter capillary tubes.

Stock solutions for drugs were 0.5 or 1 mM w-conotoxin GVIA (Pen-
insula Laboratories, Belmont, CA) in the recording Ba* solution, 3 or 10
mM nimodipine (a gift from Dr. Richard McCarthy, Miles Laboratories,
West Haven, CT) in polyethylene glycol 400 (Sigma), 100 uM synthetic
w-Aga-IVA (Peptides International, Louisville, KY) in H,0, 1 mm
o-CTx-MVIIC (Bachem California, Torrance, CA, or Peptides Interna-
tional, Louisville, KY) in H,O. Drug-containing stock solutions were
stored frozen at —20°C, and all were stable for months. Drug-containing
recording solutions were usually made the day of the experiment; some-
times they were used the following day after storage overnight at room
temperature, with no loss of potency.

RESULTS

Dose dependence and kinetics

Figure 1 shows the effect of 2 um o-CTx-MVIIC applied to a
sympathetic neuron and a Purkinje neuron under identical ionic
conditions, with current carried by 5 mm Ba®". In the experiment
on the sympathetic neuron, L-type current (typically only 5-10%)
(Regan et al., 1991; Mintz et al., 1992a) was blocked by 10 um
nimodipine (present in all external solutions). Addition of w-CTx-
MVIIC at 2 um blocked ~85% of the current elicited by a step to
—10 mV, near the peak of the current—voltage relationship. Block
was maximal within 4 sec and reversed within a few minutes of
washing out the toxin. In this and other sympathetic neurons
(Figs. 2, 5), reversal of block was nearly complete, taking into
account slow run-down of current in some cells.

o-CTx-MVIIC also blocked calcium channel current in cere-
bellar Purkinje neurons, but the kinetics of block was very differ-
ent. In the experiment shown in Figure 1B, all solutions contained
10 um nimodipine and 1 uM w-conotoxin GVIA to block the small
L-type and N-type currents present in Purkinje neurons (Mintz et
al., 1992a). The addition of 2 um ©-CTx-MVIIC blocked the
P-type current in the cell completely, but development of block
was slow, taking ~25 min to reach completion (Fig. 1B). The
reversal of block was also much slower in Purkinje neurons than
in sympathetic neurons, with only a minimal recovery of current in
28 min for the cell in Figure 1B.

Figure 24 shows the dose-dependent block of the current in a
sympathetic neuron by concentrations of &-CTx-MVIIC from 3.2
nM to 10 uMm. In this experiment, performed with 5 mm Ba®* as
charge carrier, block was about half-maximal at 16 nM toxin. Block
was maximal (~90%) at 400 nm toxin, and increasing the concen-
tration to 2 or 10 uM had no further effect. Figure 2B shows
collected results from experiments on sympathetic neurons stud-
ied with 5 mm Ba®" (all in the presence of 10 um nimodipine).
The dose-response relationship could be fit well by assuming that
toxin binds to channels in a 1:1 manner with an equilibrium
dissociation constant of 18 nm, with an average of 87% of the
current (measured at —10 or 0 mV, near the peak of the current—
voltage relationship) being contributed by channels sensitive to
the toxin.

Figure 3 shows the kinetics of block and recovery from block by
different concentrations of w-CTx-MVIIC applied to a sympa-
thetic neuron. The kinetic behavior was consistent with that ex-
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Figure 1. Block by 2 uM «-CTx-MVIIC of currents carried by 5 mm Ba®*

in an SCG neuron and a Purkinje neuron. A, Current in an SCG neuron
was elicited every 2 sec by a 30 msec step from —90 mV to —10 mV. Inset,
Currents just before and 10 sec after application of toxin. External solu-
tion: 5 mM BaCl,, 160 mm TEAC], 10 mm HEPES, pH 7.4, adjusted with
TEAOH, 10 uM nimodipine, 1 mg/ml cytochrome C. Internal solution: 108
mM cesium methanesulfonate, 4.5 mm MgCl,, 9 mm EGTA, 9 mm HEPES,
4 mm Mg-ATP, 14 mM creatine phosphate (Tris salt), 0.3 mm GTP (Tris
salt), pH 7.4, adjusted with CsOH. B, Current in a Purkinje neuron was
elicited every 20 sec by a 20 msec step from —80 to —35 mV. Inset,
Currents just before and 27 min after application of w-CTx-MVIIC,
External solution: 5 mm BaCl,, 160 mm TEACI, 10 mm HEPES, pH 7.4,
adjusted with TEAOH, 10 uM nimodipine, 1 uM w-conotoxin GVIA, 1
mg/ml cytochrome C.

pected from simple 1:1 binding. The development of block could
be fit well by a single exponential (Fig. 34), and the rate constant
for development of block was related linearly to toxin concentra-
tion (Fig. 3C), with a slope giving a first-order rate constant for
toxin binding (k,,) of 1.0 X 10° M~ ' - sec™ . The rate of recovery
from block showed no consistent dependence on toxin concentra-
tion (Fig. 3B), with a value of 4.0 X 10 M~2 + sec™! (Fig. 3D). In
collected results from six cells, most with determinations for 16 nm
and 80 nM toxin, a linear regression like that in Figure 3C yielded
a slope of 1.08 X 106 M~ "' - sec™' (SD 0.02 X 10° M~ - sec™ ') and
y-intercept of 0.025 sec™ (SD 0.011 sec!). The average off-rate
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Figure 2. Dose-response relationship for w-CTx-MVIIC block of current
carried by 5 mM Ba** in SCG neurons. 4, Successive addition of increas-
ing concentrations of w-CTx-MVIIC to an SCG neuron. Current was
elicited every 5 sec by a 30 msec step from —90 mV to —10 mV. B,
Collected results from experiments like those in A and others in which a
single concentration of w-CTx-MVIIC was applied. Mean *= SEM is
plotted for applications of 3.2 nm (5 cells), 16 nM (5 celis), 80 nm (5 cells),
400 nM (5 cells), 2 uM (8 cells), and 10 uM (5 cells) toxin. Solutions as in
Figure 14 (10 uM nimodipine in all external solutions). Solid line, 0.13 +
0.87/(1+][w-CTx-MVIIC}/18 nM).

(k.g), determined in 12 cells as the reciprocal of the time constant
of recovery, was 0.032 = 0.003 sec’'. The dissociation constant
(koutkon) predicted from these rate constants is 30 nM, somewhat
higher than the ECs, value of 18 nM estimated from the dose—
response experiments summarized in Figure 2.

Figure 4 shows the effects of different concentrations of toxin on
the current carried by 5 mm Ba®" in Purkinje neurons. It was not
feasible to determine an equilibrium dose-response curve for
block of current in Purkinje neurons because of the slow devel-
opment of block. Block by 2 um toxin was complete but took
20-30 min to reach completion (Figs. 1B, 44). It would be difficult
to reach equilibrium block with significantly lower concentrations,
because it is difficult to record stable currents regularly from a cell
for more than 1 hr. We therefore tried to estimate the strength of
binding of toxin to the channels in Purkinje neurons by using a
kinetic analysis. The time course of development of block by
concentrations of 2 uM or higher could be fit well by a single
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Figure 3. Blocking kinetics in SCG neurons with 5 mm Ba®*. 4, Time
course of block by different concentrations of w-CTx-MVIIC applied to an
SCG neuron. Currents were normalized to that just before toxin applica-
tion. Currents were elicited by a 30 msec step from —90 mV to ~10 mV
(15 msec step for the application of 2 uM toxin) delivered every 5 sec (16
nM), 1 sec (400 nM, 80 nMm), or 0.5 sec (2 uM). Solid lines are single
exponentials with indicated time constants. B, Time course of recovery
from different concentrations of toxin. Same cell as 4, but different runs of
toxin application, all with 30 msec steps to —10 mV delivered every 5 sec.
Currents are normalized to current at time of maximum recovery. Solid
lines are single exponentials with time constants of 18 sec (16 nm), 22 sec
(80 nMm), 27 sec (400 nm), and 23 sec (2 uM). C, The reciprocal of the time
constant for development of block is plotted versus toxin concentration.
Fitted line has slope of 1.05 X 10° Mm™* - sec™ ! and intercept of 0.072 sec™ ..
D, Reciprocal of recovery time constant versus toxin concentration. Line
is drawn at the mean value. Solutions as in Figure 14 (10 uM nimodipine
in all external solutions).

exponential (Fig. 44), and the rate constant of block derived from
such fits was related linearly to toxin concentration, consistent
with 1:1 binding of toxin to channels. The relationship gives a
binding rate constant of 1.5 X 10° M~ - sec™ !, which is ~700
times slower than in sympathetic neurons. The off-rate was esti-
mated by analyzing the rate of recovery after the rapid block by a
short application of 30 uM w-CTx-MVIIC (Fig. 4C). The rate of
recovery was estimated assuming exponential recovery during the
first 10 min, when run-down of the current would be expected to
be minimal; this fit yielded an estimated time constant of 200 min.
(At later times, the actual degree of recovery was much less than
predicted from this fit, very likely because of concurrent run-down
of channel activity.) The estimated off-rate is subject to consider-
able uncertainty, but time constants shorter or longer by more
than a factor of 2 gave poor fits to the first 10 min of recovery. The
dissociation constant calculated from the ratio of the off-rate and
on-rate constant is ~50 nM. Apparently, w-CTx-MVIIC block of
P-type current is potent but very slow.
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Figure 4. Blocking kinetics in Purkinje neurons with 5 mm Ba®*. 4, Block
in three different Purkinje neurons by 2 uMm, 10 uM, and 30 puM o-CTx-
MVIIC. Solid lines are single exponentials with the indicated time con-
stants. B, Points are mean = SEM for determinations in four cells at each
concentration. Line has slope 1.5 X 10* M~' « sec™" and intercept 6 X
10~ - sec™". C, Time course of recovery for Purkinje neuron studied with
5 mm Ba®*. Current was elicited every 5 sec (every 30 sec during wash) by
20 msec steps from —80 mV to —25 mV; 30 uM w-CTx-MVIIC was
applied for 220 sec. Solid line is an exponential fit to the recovery in the
first 10 min of washing, assuming eventual recovery to 1500 pA. Solutions
as in Figure 1B (10 pM nimodipine, 1 uM w-conotoxin GVIA in all
external solutions).

Dependence on Ba2* and ionic strength

The potency and kinetics of block by w-CTx-MVIIC applied to
sympathetic neurons depended strongly on the concentration of
BaCl, in the external solution. Figure 5 shows the contrast in
effects of w-CTx-MVIIC studied in different concentrations of
BaCl, (added to a background of 145 or 160 TEACI, 10 mm
HEPES, pH 7.4, adjusted with TEAOH). The half-maximal con-
centration increased from 3 nM with 2 mm BaCl, to 850 nm with
25 mm BaCl,. With the higher concentrations of BaCl,, there was
a greater fraction of current that remained unblocked by maximal
concentrations of w-CTx-MVIIC (and 10 uM nimodipine). This
behavior is also seen with block by the combination of
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Figure 5. Effect of Ba*>" concentration on w-CTx-MVIIC dose~-response
relationship in SCG neurons. A, Time course of block by increasing
concentrations of o-CTx-MVIIC in a rat SCG neuron studied with 2 mm
Ba®". Current was elicited every 5 sec by a 30 msec step from —90 mV to
—10 mV. Solutions as in Figure 14 except that the external solution
contained 2 mM BaCl, instead of 5 mm BaCl, (10 uM nimodipine in all
external solutions). B, The same for block in a different neuron studied
with 25 mmM Ba®*. The external solution contained 25 mm BaCl, instead of
5 mM BaCl, and 145 mM TEACI instead of 160 mM TEACI (10 uM
nimodipine in all external solutions). Current was elicited every 5 sec by a
30 msec step from —80 mV to 0 mV. C, Mean dose-response relation-
ships. Points are mean = SEM for determinations in three cells for 2 mm
Ba** (2 cells for 80 nM) and two cells for 25 mm Ba®* (4 cells for 400 nm).
Data for 5 mm Ba®" are same as in Figure 2B. Solid lines are best fits to
the expression (1 — x) + x/(1 + [ w-CTx-MVIIC )/ECs,), where x is the
maximal fraction of current blocked by w-CTx-MVIIC (0.96 for 2 mM
Ba®*, 0.87 for 5 mm Ba®*, and 0.79 for 25 mm Ba?*), and ECs, is the
half-maximally effective dose of w-CTx-MVIIC (3 nM for 2 mm Ba®", 18
nM for 5 mm Ba?*, and 850 nm for 25 mm Ba®").

w-conotoxin GVIA and nimodipine in rat and frog sympathetic
neurons, where the remaining current has been interpreted as a
third channel type (Boland et al., 1994; Elmslie et al., 1994). The
simplest interpretation is that the current remaining unblocked by
saturating -CTx-MVIIC results from this third channel type;
however, it is not possible to rule out the possibility that block of
N-type channels becomes incomplete at high BaCl,
concentrations.

Figure 6 shows a kinetic analysis of the effects of Ba>* concen-
tration on the potency of w-CTx-MVIIC block in sympathetic
neurons. In both 2 mM Ba?* and 25 mm Ba?", the kinetics of
block followed the form expected for simple 1:1 binding. The
ability of both on and off time courses to be fit well by a single
exponential suggests that a single population of channels under-
lies the effects at each Ba®* concentration, consistent with the
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Figure 6. Effect of BaCl, concentration on kinetics of block and recovery
in SCG neurons. A, Block by 80 nM w-CTx-MVIIC in a neuron studied
with 2 mM BaCl,. Current was elicited every 5 sec by a 30 msec step from
—80 mV to —20 mV. B, Block by 10 uM »-CTx-MVIIC in a different
neuron studied with 25 mM BaCl,. Current was elicited every 5 sec by a 30
msec step from —80 mV to 0 mV. C, Mean (= SEM) time constants for
block (closed circles) and recovery (open squares) in experiments with 2 mm
BaCl,. On-rate determined for four cells at 0.64 nm, eight cells at 3.2 nm,
five cells at 16 nM, and six cells at 80 nMm. Line fitted to on-rates has slope
2.6 X 10° M~* - sec™* and intercept 0.035 sec™*. Off-rate determined for
five cells at 3.2 nM and three cells at 80 nM. Line through off-rates is
average of values for these 8 cells (0.042 = 0.003 sec™'). D, Mean (=
SEM) reciprocal time constants for block (closed circles) and recovery
(open squares) in experiments with 25 mm BaCl,. On-rate determined for
five cells with 400 nM, three cells for 2 uM, two cells for 10 uM, and two
cells for 30 uM. Line fitted to on-rates has slope 1.4 X 107 *M ™! sec™ ! and
intercept 0.026 sec™'. Off-rate determined for two cells at each concen-
tration except 10 uM (3 cells). Line through off-rates is average of values
for these nine cells (0.027 = 0.006 sec™").

“resistant” current (which is more prominent at higher Ba®")
being insensitive to w-CTx-MVIIC. The rate constant for toxin
binding decreased by a factor of ~200 when Ba** was increased
from 2 mm to 25 my; thus, the change in EC, (~300-fold) is
mostly accounted for by a change in the association rate constant.
There was also a slight influence of Ba** concentration on the
off-rate constant, which decreased from 0.042 sec! with 2 mm
Ba®" to 0.027 sec”! with 25 mm Ba®". At all concentrations of
Ba’*, the K calculated from the ratio of the dissociation and
association rate constants was considerably larger than the ECs,
measured from the dose-response relationship (Table 1).

The powerful dependence of k., but not k. on Ba?* concen-
tration is consistent qualitatively with a surface-charge screening
mechanism. The toxin has a predicted net positive charge of +7 at
neutral pH (four lysines, three arginines, one aspartate, amidated
C terminus). If the binding site for the toxin is near negative
charges (from the channel protein, phospholipid head groups, or
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Table 1. Potency of w-CTx-MVIIC against N- and P-type channels under different ionic conditions

Tonic conditions ko (M71 - sec™?) kog (sec™?) Ky = (koglkon) ECs,
N-type channels (SCG neurons)
2 mMm Ba?* 2.6 X 10° 42 x 1072 16 nM 3 nm
5 mM Ba** 1.1 x 10° 32 %1072 30 nm 18 oM
25 mMm Ba®* 1.4 x 10* 2.7 X107 1930 nm 850 nm
2 mM Ba®", low ionic strength 7.2 X 100 28 %1072 4 nM
2 mM Ca?*, 2 mm Mg>* 5.1 x 10° 1 x107! 20 nM
P-type channels (Purkinje neurons)
2 mm Ba?* 1.3 x 10* (~5 nm)*
5 mM Ba?* 1.5 % 10° ~8 X 107° ~50 nM
2 mm Ba®*, low ionic strength 1.5 % 10° (~0.5 nm)*
2 mM Ca?*, 2 mm Mg** 8.5 X 10?

N-type channels were studied in SCG neurons with L-type channels blocked by 10 um nimodipine. P-type channels were studied in Purkinje neurons with N-type channels
blocked by 1-3 uM w-conotoxin GVIA and L-type channels blocked by 10 um nimodipine. Low ionic strength solution: 2 mm BaCl,, 300 mm glucose, 6.5 mm TEAC], 10 mm

HEPES, pH 7.4 with TEAOH.
“Values estimated using off-rate with 5 mm Ba?*.

glycosyl groups), the local toxin concentration would be signifi-
cantly higher than that in bulk solution. Increasing concentrations
of Ba?* would partially screen the surface charge and reduce the
local concentration of the toxin, resulting in a reduction in the
apparent binding rate. If the effect of Ba>" concentration is
mediated by a surface-charge effect, there should also be effects
on blocking rate when Ba®™ concentration is held constant and
changes are made in the ionic strength of the solution by changing
monovalent ions. This was tested and confirmed. When studied
with 3.2 nM toxin, the time constant for block was smaller (7 =
3.8 = 0.5 sec, n = 4) in a solution of low ionic strength (2 mm
BaCl,, 300 mM glucose, 6.5 mm TEACI, 10 mm HEPES, pH 7.4,
adjusted with TEAOH) than that (7 = 20 = 6 sec,n = 4) in a
solution with normal ionic strength (2 mm BaCl,, 160 mm TEACI,
10 mm HEPES, pH 7.4, adjusted with TEAOH). Similarly, when
studied with 80 nM toxin, block was slower (t = 16 = 3 sec,n =
3) in a solution with high jonic strength (2 mm BaCl,, 160 mm
TEACI, 100 mMm CsCl, 10 mm HEPES, pH 7.4, adjusted with
TEAOH) than block (7 = 5.2 £ 0.3 sec, n = 4) in a solution with
normal ionic strength (2 mm BaCl,, 100 mmM glucose,160 mm
TEAC], 10 mm HEPES, pH 7.4, adjusted with TEAOH). The
recovery from block showed smaller differences between low ionic
strength solution (7 = 36 * 3 sec, » = 4), normal ionic strength
solution (7 = 25 + 2 sec, n = §), and high ionic strength solution
(r=17 = 1sec, n = 3).

The block of current by w-CTx-MVIIC applied to Purkinje cells
was even more strongly influenced by the Ba?' concentration
(Fig. 7). The development of block with 2 mm Ba®" developed
with a time constant of 1.3 X 10* M~ ! - sec™ !, ninefold faster than
with 5 mM Ba®*. This change is greater than that seen for
sympathetic neurons, where the blocking rate constant changed
approximately fourfold from 2 mM to 5 mm Ba®*. This suggests
that surface-charge effects may be greater for P-type than for
N-type channels. Consistent with this, changing ionic strength by
monovalents had greater effects in Purkinje neurons than in
sympathetic neurons. When studied with 400 nM toxin, the block-
ing time constant changed from 169 * 27 sec in a solution of
normal ionic strength to 17 £ 1 sec with the low ionic strength
solution (in which the solutions were the same as those used for
studying sympathetic neurons). This 10-fold change is more than
the fivefold change seen for the same solutions in sympathetic
neurons. Similarly, the blocking time constant for 10 um toxin
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Figure 7. Effect of BaCl, concentration on kinetics of block in Purkinje
neurons. A, Time course of block by 2 uM w-CTx-MVIIC in two Purkinje
neurons studied with 2 mm BaCl, and 5 mm BaCl,. Currents in 2 mm
BaCl, solution elicited by 30 msec steps from —80 to —30 mV delivered
every 5 sec; currents in 5 mM BaCl, solution elicited by 30 msec steps from
—80 to —20 mV delivered every 20 sec. B, Mean (+ SEM) reciprocal time
constants for block in experiments with 2 mM BaCl, (@) and 5 mm BaCl,
(O). In experiments with 2 mM BaCl,, the on-rate was determined for five
cells with 400 nm, three cells for 2 puMm, and five cells for 10 pum. The solid
line has slope 1.3 X 107* M~* - sec™ ! and intercept 0. The data and fitted
line for 5 mm BaCl2 are replotted from Figure 4 (10 uM nimodipine, 1 uM
w-conotoxin GVIA in all external solutions).

increased from 7.7 + (.7 sec in normal ionic strength solution to
43 *+ 5 sec with high ionic strength solution. This 5.5-fold change
is more than the threefold change seen for the same solutions with
sympathetic neurons.
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The changes in kinetics with ionic strength are consistent with
a mechanism whereby the effective toxin concentration is altered
because of screening of surface charge. Preliminary calculations
suggest that when ionic strength is changed by monovalents, the
effects on block of N-type channels can be accounted for by a
surface charge of 0.009 ¢/A% and an effective charge of w-CTx-
MVIIC of +4 (for method of calculation, see Boland et al., 1994).
A surface charge of ~0.01 ¢/A? is similar to estimates based on
shifts of gating of calcium channels in other neurons (Kostyuk et
al., 1982; Wilson et al., 1983; Zhou and Jones, 1995). The exper-
imental effects of changing BaCl, were greater than predicted
from a simple Gouy-Chapman model with these values. This
implies that Ba®* may bind to specific sites rather than merely
interact with smeared surface charge. Toxin molecules possibly
compete with Ba?* for binding at the outer mouth of the pore,
where there is high-affinity binding of divalent ions that underlies
the selectivity of the calcium channel (Kuo and Hess, 1993; Ellinor
et al,, 1995). Clearly, the effects of changing Ba>* are not attrib-
utable solely to a competitive mechanism, because a fivefold
change in Ba**, from 5 mMm to 25 mm, produces a 64-fold change
in apparent affinity for N-type channels (Table 1); similarly, the
>eightfold slowing in the rate of block of P-type channels pro-
duced by raising Ba*" from 2 to 5 mM is much more than the
2.5-fold expected from a simple competition. Also, the effects of
ionic strength varied by monovalent ions show that more is in-
volved than simple competition between toxin and divalent ions. It
is possible that both simple surface charge screening and compe-
tition at the pore mouth (or other sites) contribute to the effects
of changing Ba®" concentration.

@-CTx-MVIIC block of calcium channel current in
hippocampal neurons

Hippocampal CA3 neurons possess multiple components of high-
threshold calcium channel current, including components sensi-
tive to dihydropyridines, w-conotoxin GVIA, and w-Aga-IVA, as
well as a component resistant to all of these (Mintz et al., 1993).
Figure 8 shows the response of a hippocampal CA3 neuron to 10
uM o-CTx-MVIIC. Of the total high-threshold current of 360 pA
in this neuron (measured at —20 mV), w-CTx-MVIIC inhibited
165 pA. The toxin-sensitive current consisted of two components
blocked with very different kinetics (Fig. 84): a component of 60
pA was blocked within 5 sec and a component of 105 pA was
blocked with a much slower time course, fit with a single expo-
nential of 86 sec. On washout of the toxin, ~60 pA of current
returned within 1 min, and this component of current could then
be blocked reversibly with subsequent applications and washout of
toxin. In contrast, the component of current blocked with slow
kinetics behaved as if block was essentially irreversible on the time
scale of the experiment. In four cells studied with this protocol,
the fast, reversible component of block averaged 22 * 2% of the
overall current, whereas the slow, poorly reversible component
averaged 30 * 3% of the overall current. The average time
constant for the slow block was 89 + 2 sec.

The fast, reversible component of block behaves kinetically as
expected if it corresponds to N-type current, as characterized in
sympathetic neurons. In a previous series of experiments on CA3
neurons studied with 5 mm Ba®* (Mintz et al., 1992a), w-conotoxin
GVIA blocked an average of 21 * 2% of the overall current, in close
agreement with the size of the fast, reversible component observed
with o-CTx-MVIIC (22 * 2%). Consistent with this interpretation,
@-CTx-MVIIC blocked with only a slow time course if applied after
a cell was exposed to w-conotoxin GVIA.
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Figure 8. Dual component time course of block by 10 um w-CTx-MVIIC
of overall calcium channel current in a hippocampal CA3 neuron studied
with 5 mm Ba®". 4, Time course of block. Current was elicited by steps
from —80 mV to —20 mV delivered every 6 sec. The bracket indicates
magnitude of current (60 pA) blocked in the first 6 sec of the first
application of w-CTx-MVIIC. The slow time course after the initial fast
component is fit with a time constant of 86 sec (not distinguishable from
data points). B, Ba>" currents from the experiment in 4 recorded just
before, 6 sec after, and 360 sec after application of w-CTx-MVIIC. The
slow component of tail current at ~80 mV is consistently present in
hippocampal CA3 neurons. w-CTx-MVIIC had no effect on this slow tail,
consistent with it being L-type current (Swartz and Bean, 1992). Instead,
both the fast and slow effects of w-CTx-MVIIC involved block of rapidly
decaying portions of the tail current. External solution: 5 mm BaCl,, 160
mM TEACI, 10 mm HEPES, pH 7.4, adjusted with TEAOH, 1 mg/ml
cytochrome C, 1 uM tetrodotoxin (no nimodipine or w-conotoxin GVIA).
Dashed line indicates zero current level.

The component of current in hippocampal neurons blocked
by @-CTx-MVIIC with slow kinetics most likely includes
w-Aga-IVA-sensitive channels, because these are blocked in
Purkinje neurons with similarly slow (7= 65 * 4 sec with 10 pum
w-CTx-MVIIC), poorly reversible kinetics. To check for addi-
tional components of w-CTx-MVIIC-sensitive current, we
tested the toxin after exposing CA3 neurons to w-Aga-IVA.
Figure 94 shows the application of w-CTx-MVIIC to a hip-
pocampal neuron exposed previously to nimodipine (10 um),
w-conotoxin GVIA (3 um), and 200 nM w-Aga-IVA. After the
application of these blockers (and in their continued presence),
10 uM w-CTx-MVIIC blocked ~40% of the remaining current
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Figure 9. Time course of block by w-CTx-MVIIC of hippocampal current
resistant to nimodipine, w-conotoxin-GVIA, and 200 nM w-Aga-IVA. A4,
Cumulative application of 10 uM nimodipine, 3 uM w-conotoxin-GVIA,
200 nM w-Aga-IVA, and 10 uM o-CTx-MVIIC to a hippocampal CA3
neuron. Current was elicited every 6 sec by a 20 msec pulse from —80 to
—20 mV. Corrected for leak current after application of 300 um Cd**. B,
Average time course of block by 10 pM w-CTx-MVIIC in the presence of
nimodipine, w-conotoxin-GVIA, and 200 nM w-Aga-IVA in CA3 neurons.
Time course records from nine neurons were averaged (mean = SEM),
with current normalized to that in the presence of the three other blockers
(which was 23 *+ 3% of the initial control current) before application of
o-CTx-MVIIC. In four neurons, 10 uM nimodipine, 3 uM w-conotoxin-
GVIA, 200 nM w-Aga-IVA, and 10 um o-CTx-MVIIC were applied, and
test pulse current was elicited every 5 sec. In the other five neurons, 5 uM
nimodipine, 1 uM w-conotoxin-GVIA, 200 nM w-Aga-IVA, and 10 um
w-CTx-MVIIC were applied, and test pulse current was elicited every 6
sec; current values were interpolated at 5 sec intervals to allow averaging
with the other series. The averaged time course was fit well by a single
exponential with a time constant of 77 sec (solid line).

(7% of the overall current). The action of w-CTx-MVIIC was
slow, with a time constant of 45 sec.

o-CTx-MVIIC (10 um) clearly blocked additional current in 10
of 12 hippocampal neurons in which it was added after 5-10 um
nimodipine, 1-2 uM w-conotoxin GVIA, and 200 nM w-Aga-IVA.
In these 12 cells, the combination of the three other blockers
blocked an average of 77 *= 3% of the initial control current,
«-CTx-MVIIC blocked an additional 8 + 1%, and 15 *= 3%
remained unblocked (n = 12). In a subset of nine neurons, the
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effects of each of the other three blockers was determined indi-
vidually (rather than applying all three simultaneously). In these
nine neurons, 200 nM w-Aga-IVA inhibited 18 = 3% of the overall
current, and w-CTx-MVIIC blocked an additional 8 = 1%. Thus,
the average fraction of current blocked slowly by w-CTx-MVIIC
applied alone (30 = 3%) is reasonably close to the sum (26 * 3%)
of the fraction sensitive only to o-CTx-MVIIC and the fraction
sensitive to 200 nM w-Aga-IVA. This is consistent with w-CTx-
MVIIC blocking both w-Aga-IVA-sensitive and -insensitive com-
ponents as part of the overall slowly blocked component.

Figure 9B shows the average time course of block for nine
neurons (including two in which toxin had little or no effect) in
which w-CTx-MVIIC was applied for at least 3 min in the pres-
ence of 5-10 uM nimodipine, 1-2 uM w-conotoxin GVIA, and 200
nM w-Aga-IVA. Block developed slowly, with a time constant (fit
to the averaged data) of 77 sec. This suggests that ©-CTx-MVIIC
blocks the w-Aga-IVA-insensitive component with slow kinetics,
similar to the slow block of P-type channels in Purkinje neurons.

Recently, Randall and Tsien (1995) reported the existence in
cerebellar granule neurons of a component of current, named
“Q-type” current, that is blocked by w-Aga-1VA with relatively
low affinity (Ky ~90 nm) and is also blocked by w-CTx-MVIIC.
Such a current in CA3 neurons could constitute the component
blocked by w-CTx-MVIIC in the presence of 200 nm w-Aga-IVA.
If so, it should be blocked by higher concentrations of w-Aga-
IVA. We therefore tested the effects of 1 umM w-Aga-IVA after
achieving steady-state block by 10 um nimodipine, 3 um
w-conotoxin GVIA, and 200 nm w-Aga-IVA (applied for at least
3 min). In three of five CA3 neurons tested, 1 uM w-Aga-IVA
produced detectable additional block. Although these experi-
ments confirm the existence of current components blocked
weakly by w-Aga-IVA, the effects of 1 uM w-Aga-IVA in the five
cells tested were highly variable and poorly correlated with the
effects of 200 nM w-Aga-IVA, which had no effect in one neuron
in which subsequent addition of 1uM w-Aga-IVA produced inhi-
bition. In previous experiments testing 100-200 nm w-Aga-IVA
on various types of central neurons, CA3 neurons showed the
greatest variability and least sensitivity (14 * 3% mean block;
Mintz et al., 1992a). Rather than attempting a further understand-
ing of the inconsistent effects of w-Aga-IVA on CA3 neurons, we
turned instead to the question of whether 1 uM w-Aga-IVA would
(in combination with nimodipine and w-conotoxin GVIA) occlude
the effects of w-CTx-MVIIC. When a combination of 10 um
nimodipine, 3 uM w-conotoxin GVIA, and 1uM w-Aga-IVA was
applied (for a minimum of 2 min, long enough to reach steady
state), 10 uM w-CTx-MVIIC still produced additional block in six
of eight CA3 neurons tested. Figure 10 shows a representative cell
in which 10 uM nimodipine, 3 uM w-conotoxin GVIA, and 1um
w-Aga-IVA blocked 69% of the current, and «-CTx-MVIIC
blocked an additional 8%. In this series of experiments, the
three-blocker mixture inhibited an average of 78 * 2% of the
initial control current, w-CTx-MVIIC blocked an additional 7 =
1%, and 16 * 2% remained unblocked (n = 8). These are similar
to the values obtained with 200 nM w-Aga-IVA, which is some-
what surprising in view of the ability of 1uM w-Aga-IVA to block
current beyond that blocked by 200 nM w-Aga-IVA in some cells;
however, the two sets of experiments were performed using sep-
arate batches of cells, between which there is undoubtedly more
systematic variability than is reflected by standard errors. The
time course of further block by w-CTx-MVIIC added to nimodip-
ine, w-conotoxin GVIA, and 1uMm w-Aga-IVA occurred with an
average time constant of 38 * 9 sec for the four cells in which it
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Figure 10. Block by w-CTx-MVIIC of current resistant to nimodipine,
w-conotoxin-GVIA, and 1 uM w-Aga-IVA in a CA3 neuron. Current was
elicited every 6 sec by a 20 msec pulse from —80 to —20 mV and corrected
for leak current after application of 300 um Cd**.

could be resolved best. Considering the small fraction of current
to which the fits are made, it is doubtful that this time course is
meaningfully different from the experiments with 200 nM w-Aga-
IVA (Fig. 9B).

Kinetics in physiological Ca**

All experiments described so far were performed with Ba?* as
charge carrier. Because of the strong dependence of blocking
kinetics on Ba®" concentration and ionic strength, it seemed
important to define blocking kinetics in the different cell types by
using a more physiological external solution. Therefore, a more
limited series of experiments were performed using physiological
saline containing 2 mM Ca®" and 2 mm Mg?*.

The basic pattern of block by w-CTx-MVIIC studied with
Ca®* was the same as for Ba®" solutions. Block in sympathetic
neurons was potent, rapid, and rapidly reversible. In the exper-
iment of Figure 114, 75 nm toxin blocked 55% of control
current, and the time course of block could be fit well by a time
constant of 2.5 sec; 10 M toxin blocked 77% of the current,
and after removal of toxin, current recovered with a time
constant of 10.5 sec. In four neurons studied with this protocol,
75 nMm toxin blocked 58 = 6% and 10 uM toxin blocked 81 + 3%
of control current. The mean time constant for block by 75 nm
toxin was 2.0 = 0.3 sec, and the mean time constant for
recovery was 10.0 *+ 0.3 sec. Assuming 1:1 binding, these values
lead to a calculated K, of 20 nm (Table 1).

The kinetics of toxin action on N-type channels in saline con-
taining 2 mm Ca®" and 2 mm Mg>" is quite different from what
would be predicted for a Ba*" concentration of 4 mm. Both the
blocking and unblocking rates were significantly faster than with
Ba®" at 2-5 mm (Table 1), whereas the calculated K; of 20 nM was
similar to that for 2 mm Ba®*. It is intriguing that the unblocking
rate with Ca>" as charge carrier is faster than with Ba®>" in any
ionic strength solution. The difference might reflect destabiliza-
tion of bound toxin by calcium ions at the selectivity filter of the
channel; however, this would not explain the faster blocking rates
in the physiological solution. It is also not possible to rule out
differential effects of the different monovalents used (mainly so-
dium in the physiological solution, mainly TEA in the Ba®*
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Figure 11. Kinetics of w-CTx-MVIIC block in physiological saline. A,

Inhibition by 75 nM and 10 uM »-CTx-MVIIC of Ca** current in an SCG
neuron. Currents were elicited every 2 sec by a 20 msec pulse from —80 to
—10 mV. External solutions contained 10 uM nimodipine. B, Inhibition of
Ca®* current in a Purkinje neuron. Currents were elicited every 5 sec by
a 20 msec pulse from —80 to +10 mV. External solutions contained 5 um
nimodipine and 1 uM w-conotoxin-GVIA. C, Inhibition of Ca®* current in
a CA3 neuron. Currents were elicited every 6 sec by a 30 msec pulse from
—80 to +20 mV. External solution: 2 mm CaCl,, 2 mM MgCl,, I mm
TEACI, 154 mm NaCl, 10 mm glucose, 10 mm HEPES, 1 uM tetrodotoxin,
pH 7.4, adjusted with NaOH.

solutions) or possible effects of solution composition on the con-
figuration of the toxin molecule.

In Purkinje cells, current carried by 2 mm Ca®* was blocked by
10 uM o-CTx-MVIIC with a slow time course and with essentially
no reversibility after several minutes of washing (Fig. 11B). In five
cells, the mean time constant for block by 10 um w-CTx-MVIIC
was 117 * 4 sec, approximately twofold slower than with 5 mm
Ba®". The slower kinetics with Ca®* could be consistent with a
surface charge mechanism if calcium ions bind with higher affinity
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than barium ions to specific sites associated with the surface
charge.

Figure 11C shows application of 10 uM o-CTx-MVIIC to a CA3
neuron studied with physiological saline. The pattern of block was
identical to that with 5 mM Ba?*, with both rapid and slow
components of block. The relative magnitudes of the two
fractions were similar to those with Ba2™". In four cells, the fast,
reversible component was 27 = 3% of the overall current and
the slow, poorly reversible component was 39 * 8%. The
average time constant for the slow block was 131 £ 38 sec,
similar to the value for block of P-type current in Purkinje
neurons in physiological saline. The average time constant for
recovery from the fast phase of block was 10 = 1 sec. This is
identical to the time constant for recovery from block of N-type
current in sympathetic neurons.

DISCUSSION

Our results show that w-CTx-MVIIC blocks at least three distinct
types of calcium channels in rat neurons: w-conotoxin GVIA-
sensitive N-type channels, w-Aga-IVA-sensitive P-type channels,
and channels in hippocampal CA3 neurons that are resistant to
both w-conotoxin GVIA and w-Aga-IVA (as well as nimodipine).
Block of N-type channels is potent, rapid, and rapidly reversible,
whereas block of P-type channels is potent, slow, and only very
slowly reversible. The block of the nimodipine-, w-conotoxin
GVIA-, and ©-Aga-IVA-resistant component in hippocampal
neurons has kinetics comparable to the slow block of P-type
channels.

For both N-type and P-type channels, the rate of block de-
pended linearly on the concentration of w-CTx-MVIIC, consistent
with 1:1 binding of toxin to the channel; however, the dissociation
constant for o-CTx-MVIIC block of N-type channels calculated
from on- and off-rate constants was consistently higher than the
ECs, measured from equilibrium block. The reason for the dis-
crepancy is not clear, but it raises the possibility that 1:1 binding
is an oversimplification.

Influence of solution composition

For both N-type and P-type channels, the rate of block by w-CTx-
MVIIC was influenced powerfully by the concentration of Ba* in
the external solution. Blocking kinetics could also be changed by
altering the ionic strength of the external solution with monova-
lent ions. It is likely that these effects are attributable, at least
partly, to screening of a negative surface charge near the binding
site for w-CTx-MVIIC. There may also be competition between
divalent ions and the toxin molecule for binding to specific sites,
perhaps including the mouth of the pore.

Whatever the molecular interpretation, the powerful effect of
solution composition on blocking rate is an important experimen-
tal variable in using the toxins. For example, block of P-type
channels is so slow at Ba®>" concentrations of 25 mm or higher that
block by even 10 uM toxin is not distinguished easily from spon-
taneous run-down of current. Even with 5 mm Ba*, block by 1 um
is very slow (7 ~8-10 min). This caused us to underestimate the
potency of w-CTx-MVIIC block of P-type channels in early ex-
periments (Hillyard et al., 1992).

Radiolabeled w-CTx-MVIIC binds to rat brain membranes with
high affinity, being displaced by cold w-CTx-MVIIC with an ICs,
of ~0.1-1 nm (Hillyard et al., 1992; Adams et al., 1993). Consis-
tent with our results, the ICy, for displacement was lower in low
ionic strength solutions (Hillyard et al., 1992). The rough estimate
of 0.5 nM that we make for binding of w-CTx-MVIIC to P-type
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channels in low ionic strength solution (Table 1) is comparable to
that of the high-affinity binding site in membranes.

Comparison with other neurons

In a detailed pharmacological study of calcium channels in cul-
tured cerebellar granule neurons, Randall and Tsien (1995) found
that -CTx-MVIIC inhibited most but not all of the current
remaining in the presence of nimodipine and w-conotoxin GVIA.
The time course of inhibition was slow, similar to the slow block
of all non-GVIA-sensitive components that we saw in hippocam-
pal CA3 neurons. Randall and Tsien found that w-CTx-MVIIC
(applied in the presence of w-conotoxin GVIA) blocks a similar
fraction of current as does 1 uM w-Aga-IVA. Similarly, in guinea
pig dentate gyrus granule neurons, Eliot and Johnston (1994)
found no clear evidence for additional block when w-CTx-MVIIC
was applied in the presence of nimodipine, w-conotoxin GVIA,
and 1 uM w-Aga-IVA. In contrast, in six of eight CA3 neurons we
saw additional current blocked by w-CTx-MVIIC applied in the
presence of 1 uM w-Aga-IVA and w-conotoxin. The comparison
suggests, at the least, somewhat different combinations of w-Aga-
IVA-sensitive and w-CTx-MVIIC-sensitive current types in differ-
ent types of neurons. In CA3 neurons, we can distinguish at least
three components of w-CTx-MVIIC-sensitive current: the fast
component that is occluded by w-conotoxin GVIA, presumably
though N-type channels, a slowly blocked component that is also
blocked by 200 nm w-Aga-IVA, and a slowly blocked component
that is resistant to w-Aga-IVA at concentrations up to 1 uM. It is
possible that much of the current fraction blocked by both w-Aga-
IVA and o-CTx-MVIIC in CA3 neurons has the properties of
Q-type current, as described by Randall and Tsien (1995) in
cerebellar granule neurons, because 200 nM w-Aga-IVA would
inhibit the great majority of a component sensitive to w-Aga-IVA
with a Ky of ~90 nm. It would be difficult to test lower concen-
trations of w-Aga-IVA on CA3 neurons, because the kinetics of
block even for 200 nM is slow and the fraction blocked is smaller
than for other neurons. w-Aga-IVA at 200 nM blocks much more
slowly in CA3, CA1, and dorsal root ganglion neurons than in
Purkinje neurons or spinal cord neurons (Mintz et al.,, 1992a),
which is consistent with the w-Aga-IVA-sensitive channels in CA3
neurons being distinct from the P-type channels in Purkinje neu-
rons. Whether the component in CA3 neurons blocked by both
w-Aga-IVA and w-CTx-MVIIC is classified as P-type or Q-type,
there is an additional component sensitive only to w-CTx-MVIIC
that is blocked with similar slow kinetics.

Comparison with cloned channels

Channels formed by a;s subunits are potently blocked by
w-conotoxin GVIA (Williams et al., 1992; Fujita et al., 1993; Stea
et al., 1993), as are native N-type channels. The potency of block
by w-CTx-MVIIC is similar between channels formed by «g
subunits (half-blocking concentration 5-10 nM, 5 mm CaCly;
Grantham et al., 1994) and native N-type channels (ECs, 18 nm,
5 mm BaCl,). Also, the block of a5 channels by o-CTx-MVIIC
reversed relatively rapidly (7, ~10 min), although more slowly,
than native N-type channels in sympathetic neurons (1,4 ~0.5
min).

Channels formed by the «,, subunit expressed in oocytes are
also sensitive to block by w-CTx-MVIIC (Sather et al., 1993;
Zhang et al.,, 1993, Stea et al., 1994; DeWaard and Campbell,
1995) but with slow kinetics. The kinetics of block is even slower
(7o ~150 sec with 5 uM ©-CTx-MVIIC in 2 mm Ba*; Sather et
al., 1993) than we found for block of native P-type channels
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(Ton ~35 sec with 2 umM toxin in 2 mm Ba®"), and if anything, the
reversal is also even slower than for native P-type channels. The
upper limit for the K, estimated by Sather et al. (1993) for a;,
channels (150 nM) is consistent with our estimation of 50 nm for
P-type channels in Purkinje neurons, considering that both are
rough estimates because of the slow equilibrium. The K for the
slowly blocked component in cerebellar granule neurons is prob-
ably in the same range, because preincubation of 500 nM @-CTx-
MVIIC prevented the acute effects of 5 um w-CTx-MVIIC (Ran-
dall and Tsien, 1995). Overall, the potency and kinetics of -CTx-
MVIIC on expressed a,, subunits seem similar to its effects on
both P-type channels in Purkinje neurons and on the slowly
blocked components in hippocampal and cerebellar granule
neurons.

It has been suggested that o, 5 subunits may form both P-type
calcium channels in cerebellar Purkinje neurons (Stea et al., 1994)
and Q-type channels in cerebellar granule neurons (Randall and
Tsien, 1995). Differences in the currents may reflect alternatively
spliced o, , subunits or different auxiliary subunits. A reasonable
working hypothesis is that w-CTx-MVIIC blocks all channels
formed by subunits from the «, 5 and «, 4 branches of the calcium-
channel family tree. These two branches are more closely related
to each other than to other « subunits (Snutch and Reiner, 1992;
Horne et al., 1993), and the regions of homology may include a
binding site for w-CTx-MVIIC. It is interesting that members of
these two families also seem to share functional similarities in
mediating synaptic transmission and in being modulated in similar
ways by G-protein-linked receptors (Mintz and Bean, 1993;
Wheeler et al., 1994; Wu and Saggau, 1995b).

w-CTx-MVIIC-sensitive calcium channels in

synaptic transmission

o-CTx-MVIIC can completely inhibit synaptic transmission at
CA3-CALl synapses (Lovinger et al., 1994; Wheeler et al., 1994;
Wu and Saggau, 1995a). By recording calcium transients in
terminals from CA3 neurons, Wu and Saggau (1995a) have
distinguished three components of calcium entry blocked by
o-CTx-MVIIC: one that is also blocked by w-conotoxin GVIA,
one that is also blocked by w-Aga-IVA, and one that is resistant
to both w-conotoxin GVIA and w-Aga-IVA (at 1 uM). These
components match well with our results on calcium current in
dissociated CA3 neurons. The correspondence gives support to
the idea that in CA3 neurons w-CTx-MVIIC can block a
current resistant to saturating concentrations of w-Aga-IVA
and w-conotoxin GVIA, as well as the channels sensitive to
these agents.

Although w-CTx-MVIIC is not as selective as w-Aga-IVA in
discriminating among types of channels, its ability to block
functionally related channels involved in transmitter release
should make it a useful tool in further studies on synaptic
transmission. It should also be useful in studies on cell bodies
when blocking as much voltage-dependent calcium entry as
possible is desired; the combination of «-CTx-MVIIC and
nimodipine should block 80-90% of the high-threshold current
in most types of neurons.
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