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SUMMARY

The Ca®* channel blockade produced by w-conotoxin GVIA (w-
CgTx) was studied in single, forskolin-differentiated, NG108-15
cells, using dual-emission microfluorimetry and the whole-cell
patch-clamp technique. Whole-cell currents through Ca?* chan-
nels were measured with 5 mm Ba?* as the charge carrier.
Appilication of 1 um nitrendipine inhibited by 90% the currents
evoked by stepping from —30 mV to 0 mV. «-CgTx (1 um)
inhibited these currents by 28%. These data suggest the possi-
bility that NG108-15 cells express two types of dihydropyridine-
sensitive Ca®* channel, one sensitive and the other insensitive
to biockade by w-CgTx. The nature of the Ca?* channel blockade
produced by these agents was studied further, using depolari-
zation-induced intracellular free Ca®* concentration ([Ca®*}) tran-
sients recorded with the Ca?* indicator indo-1 and a dual-emis-
sion microfiuorimeter. A 30-sec superfusion with 50 mm K*
increased the [Ca?*), from a basal level of 142 + 10 nm to a peak
level of 1655 + 287 nm. This [Ca®*}; transient was blocked
completely and reversibly by nitrendipine, in a concentration-
dependent manner (ICso = 1.9 nm). In contrast, »-CgTx produced
a maximal inhibition of the depolarization-induced rise in [Ca?*},
of only 52% in the presence of physiological concentrations of
divalent metals. The block was irreversible. This inhibition was

concentration dependent until the point of maximal inhibition, at
which point the channel block reversed in a graded manner. This
entire U-shaped dose-response curve could be shifted in a
parallel fashion by modulation of the extracellular divalent metal
concentration, without changes in the maximal inhibition. Re-
peated appilications of or prolonged incubations with «-CgTx
failed to increase the maximal block. Treatment with a high (1
um) concentration of »-CgTx, which produced a modest (10%)
inhibition of Ca?* influx, protected the cell from a second expo-
sure to a normally effective concentration of w-CgTx (10 nm).
Depolarization-induced [Ca?*}, transients in cells treated with 10
nM toxin were inhibited by 45%, and this inhibition could not be
reversed by subsequent exposure to a high concentration of w-
CgTx. We conclude that there are two «-CgTx binding sites on
these cells, one to which «-CgTx binds with high affinity, pro-
ducing an irreversible Ca?* channel blockade, and a second to
which «»-CgTx binds with lower affinity. Binding to this second
site is irreversible and does not block the channel but does
prevent access to the high affinity site. These data suggest
caution in the use of «v-CgTx as a tool to distinguish Ca?* channel
subtypes.

Voltage-sensitive Ca’* channels serve the dual purpose of
carrying charge during the neuronal action potential and trans-
ducing this electrical signal into a chemical message, repre-
sented by a rise in the [Ca®*]; (1). There are multiple types of
Ca?* channels (2), of which at least four, designated T, N, L,
and P, have been described in neurons (3-6). Ca®>* channel
subtypes can be distinguished on the basis of their unitary
conductance, voltage dependence of activation, and kinetics of
inactivation. There has been great interest in the development
of drugs that act specifically at these different channel types.
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However, to date only agents selective for the L-type Ca®*
channel have been developed, of which the dihydropyridine
drugs are the most potent. Less potent agents have been re-
ported to act at T-type channels (7). Peptide toxins such as w-
CgTx and calciseptin are the only naturally occurring agents
known to act at mammalian Ca?* channels (8, 9) (but also see
Ref. 10). w-CgTx will potently inhibit both the N- and L-type
channels found in chick dorsal root ganglion neurons (11).
However, recent reports suggest that L-type Ca’* channels may
be insensitive to or inhibited only transiently by w-CgTx (12,
13).

The discovery of multiple Ca?* channel subtypes led to the
search for specific functions linked to identified channel sub-
types. In sympathetic neurons the depolarization-evoked re-
lease of [*H]norepinephrine is mediated by N-type Ca** chan-

ABBREVIATIONS: [Ca?*}, intracellular free Ca?* concentration; w-CgTx, w-conotoxin GVIA; HEPES, 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid; EGTA, ethylene glycol bis(s-aminoethyl ether)-N,N,N’,N’-tetraacetic acid; TEA, tetraethylammonium.
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nels (14). In contrast, in sensory neurons the depolarization-
evoked release of substance P is mediated by dihydropyridine-
sensitive channels and is, thus, presumed to involve L-type
Ca?* channels (15, 16). In cerebellar olive neurons it appears
that a heterogeneous spatial distribution of a low voltage-
activated Ca?* channel, analogous to the T-type channel, is
responsible for the pacemaking activity that originates in the
dendrites of these cells (17, 18). Not only can specific functions
be ascribed to particular channel subtypes, but Ca** channels
also exhibit tissue-specific pharmacological properties. This is
illustrated by the selective inhibition by w-CgTx of Ca®* cur-
rents in neurons, whereas it spares Ca?>* channels present in
muscle cells (8, 19). Clearly, functional and tissue specificity
make Ca?* channel subtypes promising pharmacological tar-
gets.
In this report, we describe experiments designed to determine
pharmacologically the Ca?* channel subtypes that mediate de-
polarization-induced [Ca?*]; transients in the neuronal cell line
NG108-15. Using w-CgTx as a pharmacological tool, we were
surprised to find that the toxin produced a U-shaped dose-
response curve. The possibility that this curve is the result of
two functionally distinct w-CgTx binding sites is discussed.

Materials and Methods

Cell culture. NG108-15 cells (passages 24-30) were grown in culture
as previously described (20). Briefly, cells were plated onto glass cover-
slips (26-mm, round), at a density of 3 X 10* cells/coverslip, and were
maintained in Dulbecco’s modified Eagles medium supplemented with
5% fetal bovine serum, 0.1 uM hypoxanthine, 10 uM aminopterine, and
17 uM thymidine, in a humidified atmosphere of 95% air/5% CO, at
37°. After 1-2 days in growth medium, cells were placed in serum-free
medium containing 5 uM forskolin, to induce cellular differentiation.
Cells were used after 5-6 days in differentiating medium.

Ca** current recordings. The whole-cell configuration of the
patch-clamp technique (21) was used to record calcium currents from
single cells. The coverslips on which the cells were grown were placed
in a perfusion chamber on an inverted microscope. The patch pipet
contained an internal solution of (in mm) CsCl,, 100; EGTA, 10;
HEPES, 40; Mg**, 0.5; ATP, 2; and GTP, 0.35; pH 7.35. The superfu-
sion solution was a 56 mM Ca®*-Tyrode’s solution composed of (in mM)
Na*, 126; K*, 5; HEPES, 10; glucose, 10; and Mg**, 1; pH 7.35. The
gigaseal was formed in this solution, and the cell membrane at the
pipette tip was ruptured by suction to allow whole-cell voltage clamp.
The presence of a fast inward Na* current was a requirement for
recording currents from a cell and was taken as an indicator of a viable
cell. The perfusate was then changed to a Na*-free solution containing
6 mM Ba®* and (in mM) TEA-CI, 135; HEPES, 10; and glucose, 10; pH
7.35; with 1 uM tetrodotoxin. Using Ba®* as the charge carrier enhanced
the magnitude of the currents and, consequently, our ability to resolve
them. Internal and external ionic solutions were chosen to isolate Ca®*
currents from other currents. Inward Na* current was eliminated by
substitution of TEA for Na*, and K* currents were eliminated by using
internal Cs* and external TEA and Ba**. Ca**-activated currents, as
well as Ca*-induced inactivation of calcium currents, were suppressed
by 10 mM EGTA in the internal solution. Ca®** currents were elicited
by 200-msec depolarizations, at intervals of 5-10 sec, from a —30 mV
holding potential.

The currents were amplified with an Axopatch 1C amplifier, filtered
with an eight-pole low-pass Bessel filter (Frequency Devices, Haverhill,
MA) at a cutoff frequency of 1 kHz, digitized at 5§ kHz, and stored and
analyzed on a Macintosh Ilcx computer, using a GW Instruments
MACAdios analog/digital converter and custom software written in
our laboratory. Leak and capacitance correction was performed by
digital summation of current recorded during 10-20-mV hyperpolariz-
ing pulses, after appropriate scaling with current during depolarizing
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test pulses. All experiments were conducted at room temperature (20-
22°).

Measurement of [Ca**],. [Ca®); was determined using a micro-
fluorimeter to monitor the Ca?*-sensitive fluorescent chelator indo-1
(22). Cells were loaded with the dye by incubation in 2 uM indo-1/
acetoxymethyl ester (Molecular Probes Inc., Eugene, OR), which is
membrane permeant, for 45 min at 37°, in HEPES-buffered Hanks’
balanced salt solution, pH 7.45, containing 0.5% bovine serum albumin.
The HEPES-Hanks’ solution was composed of the following (in mMm):
HEPES, 20; NaCl, 137; CaCl,, 1.3; MgSO,, 0.4; MgCl,, 0.5; KCl, 5.4;
KH,PO,, 0.4; NaHPO,, 0.3; NaHCO,, 3.0; and glucose, 5.6. After the
loading incubation, during which time the dye ester was hydrolyzed by
cytosolic esterases to the membrane-impermeant polycarboxylate anion
that is indo-1, the cells were washed in the HEPES-Hanks’ solution
for 15 min.

Loaded and washed cells were mounted in a flow-through chamber
for viewing (23). The superfusion chamber was mounted on an inverted
microscope, and cells were localized by phase-contrast illumination.
For excitation of the indo-1, the light from a 75-W xenon arc lamp was
passed through a monochromator (Photon Technologies Inc., South
Brunswick, NJ) set for 350 nm (slit width, 2 nm) and was collimated
with a parabolic mirror. For epifluorescence, excitation light was re-
flected off a dichroic mirror (380 nm; Omega Optical, Brattleboro, VT)
and through a 70x phase-contrast oil immersion objective (Leitz;
numerical aperture, 1.15). Emitted light was sequentially reflected off
dichroic mirrors (440 and 516 nm), through band-pass filters (405 + 20
and 495 + 20 nm, respectively), to photomultiplier tubes operating in
photon-counting mode (Thorn EMI, Fairfield, NJ). Cells were illumi-
nated with transmitted red light (610-nm long-pass) and visualized
with a video camera placed after the second emission dichroic. Record-
ings were defined spatially with a rectangular diaphragm. The TTL
photomultiplier output was integrated by passing the signal through
an eight-pole Bessel filter at 2.5 Hz. This signal was then input into
two channels of an analog/digital converter (Indec Systems, Sunnyvale,
CA), sampling at 1 Hz. After completion of a given experiment, the
microscope stage was adjusted so that no cells or debris occupied the
field of view defined by the diaphragm, and then background light
levels were determined (typically <5% of cell counts). Autofluoresence
from cells that had not been loaded with indo-1 was not detectable.
Records were later corrected for background and the ratios were recal-
culated. Ratios were converted to free [Ca**]; by using the equation
[Ca**); = K(R — Ruin)/(Rmas — R), in which R is the. 405/495-nm
fluorescence ratio (22). The maximum ratio (Rn..), the minimum ratio
(Rain), and the constant K (product of the dissociation constant for
indo-1 and the ratio of the free and bound forms of the dye at 495 nm)
were determined from a standard curve to which the equation given
above was fit using a nonlinear least-squares fit computer program.
The system was recalibrated after any adjustment to the apparatus.
Values for the constants Ryn, Rme, and K ranged from 0.249 to 0.56,
1.91 to 4.11, and 1491 to 2712, respectively. The standard curve was
determined from the indo-1 pentapotassium salt (20 uM) in calibration
buffer (which was composed of, in mM, HEPES, 20; KCl, 127; NaCl,
10; and MgCl,, 1; pH 7.1) containing 10 mM EGTA (stability constant
= 3.969 X 10° M) (24) and varying amounts of added Ca®*, which were
calculated to give free Ca?* concentrations ranging from 0 to 2000 nM.
The validity of this calibration method was verified by determining
Ruin and Ry, in ionomycin-permeabilized cells in Ca?*-free buffer (1
mM EGTA) and saturating Ca?* (10 mMm Ca®*).

All cells were continuously superfused with HEPES-Hanks’, at a
rate of 1.5 ml/min, for 15 min before start of an experiment. After
selection of a suitable cell, defined as a rounded cell body that had
extended fine processes and was isolated from other cells, basal
[Ca®*}; was recorded for 5 min and the superfusion was stopped for 7
min. Superfusion was then restarted and, after 1 min, a 50 mM K*
depolarizing solution (in which K* was exchanged reciprocally for Na*)
was applied for 30 sec. Drugs were applied by superfusion for 2 min
before stopping of the flow and were present in the depolarizing
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Fig. 1. w-CgTx distinguishes two types of dihydropyridine-sensitive Ca?* channels. Whole-cell Ca?* currents were recorded in 5 mm Ba?*, with all
other ionic channels blocked by ionic substitution, as described in Materials and Methods. Test pulses (200 msec) to 0 mV were applied from a —30

mV holding potential. A and C, R

sweeps taken from the piots shown below. B and D, Normalized peak inward current plotted versus

time, with drug additions to the bathing media indicated by the arrows. Each plot is from an individual cell and is representative of two or three
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Fig. 2. Nitrendipine inhibits depolarization-induced [Ca?*}, increases in a
dose-dependent manner. Data are presented as mean + standard error
(n = 3), with each response in the presence of nitrendipine expressed as
a percentage of the response before drug application. Note that 1000
nM nitrendipine completely blocks the rise in [Ca®*} (ICso = 1.9 nm).

solution; thus, cells were preincubated with drugs for 10 min before the
depolarizing stimulus. In some experiments, cells were exposed to drug
for 30 min. In these studies, the superfusion was stopped for 27 min.
In low-divalent cation solutions, Ca®** and Mg>* were reduced 10-fold,
to 0.13 and 0.09 mM, respectively. Synthetic w-CgTx was obtained from
Sigma (St. Louis, MO), Calbiochem (San Diego, CA), Bachem (Torr-
ance, CA), and Peninsula Laboratories (Belmont, CA), with similar
results.

Results

NG108-15 cells were grown in serum-free, 5 uM forskolin-
containing medium for 5-6 days, during which time the flat

polygonal cells differentiated into rounded cells that extended
fine processes and expressed voltage-sensitive Ca®** channels.
Whole-cell Ca** currents were recorded in 5 mM Ba?*, with all
other ionic currents blocked by ionic substitution, as described
in Materials and Methods. Stepping to 0 mV from a holding
potential of —30 mV elicited peak inward currents that ranged
from 0.15 to 1 nA. The currents showed little inactivation over
the course of the 200-msec test pulse (Fig. 1, A and C). Appli-
cation of 1 uM nitrendipine inhibited the currents by 90% (n =
2) (Fig. 1, A and B). Thus, in NG108-15 cells most of the
current elicited from this relatively positive holding potential
is sensitive to dihydropyridine drugs. In contrast, 1 uM w-CgTx
inhibited the current by only 28% (n = 3), as shown in Fig. 1,
C and D. Subsequent application of 1 uM nitrendipine reduced
the remaining current by an additional 50% of the total current.
Clearly, there are two nitrendipine-sensitive currents present
in these cells; one is sensitive to w-CgTx and the other is not.
There was a small residual current that was neither w-CgTx
nor nitrendipine sensitive.

In order to further characterize the effects of w-CgTx, we
recorded depolarization-induced [Ca®*); transients in single
cells, using dual-emission microfluorimetry and the Ca** indi-
cator indo-1, as described in Materials and Methods. This
technique allowed us investigate the effects of reduced extra-
cellular divalent metals and prolonged exposures to w-CgTx.
These studies are not easily performed with the patch-clamp
technique, because of signal to noise problems associated with
reducing the concentration of the charge carrier and Ca®*
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Fig. 3. Representative experimental records in the presence of nitrendi-
pine. Horizontal bars, presence of various doses of nitrendipine (A,
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channel run down seen during long recordings. The average
basal [Ca?*]; was 142 + 10 nM (n = 25), which is slightly higher
than we have previously reported for neurons grown in primary
culture (14). [Ca®*]; transients were elicited by superfusion with
a 50 mM K* depolarizing solution for 30 sec. This depolarization
produced an average net [Ca’*]; increase of 1513 + 287 nM (n
= 25), which was variable between cells but reproducible for a
given cell. Thus, data are presented as a percentage of the pre-
drug control response. Nitrendipine inhibited these depolari-
zation-induced [Ca®*); transients in a dose-dependent manner,
with an ICs of 1.9 nM (Figs. 2 and 3). This finding is consistent
with previous studies on these cells (25, 26). The effect was
readily reversible (Fig. 3). This optical method for measuring
Ca’* influx is consistent with our results obtained with the
whole-cell patch-clamp (Fig. 1). Depolarization by superfusion
with 50 mM K* evokes responses that appear to be pharmaco-
logically similar to currents elicited from the relatively positive
holding potential of =30 mV, possibly because the depolariza-
tion occurs as a ramp during the approximately 10 sec needed
to exchange the media bathing the cells.

In contrast to nitrendipine, w-CgTx, at a maximally effective
concentration of 100 nM, produced a 52% (n = 7) inhibition of
the depolarization-induced [Ca?*); transient (Figs. 4 and 5).
Interestingly, increasing the concentration of the peptide ac-
tually produced less inhibition. Indeed, supramaximal concen-
trations of the toxin produced a graded reduction in the atten-
uation of the [Ca®*); transient. This U-shaped dose-response
curve was apparently mediated by the previously described w-
CgTx binding site (27-30), as indicated by the increased po-
tency of the toxin when the divalent metal concentration was
reduced. A 10-fold reduction in the extracellular Mg** and Ca®*
concentrations (to 0.09 and 0.13 mM, respectively) produced a
10-fold leftward shift in the dose-response curve, with no in-
crease in the maximal effect. The entire curve, including the
reversal of the effect, was shifted to lower toxin concentrations.
In low-divalent cation media, depolarization evoked a net in-
crease of 464 + 63 nM from a resting [Ca?*]; of 161 £ 12 nM (n
= 21), which was smaller than the average response elicited in
standard HEPES-Hanks’ buffer.

Consistent with previous reports in other neuronal prepara-
tions, the inhibition produced by w-CgTx was irreversible over
the time course of our experiments (Figs. 5 and 8B) (11, 19).
This finding is in contrast to the transient inhibition of L-type
currents reported in the neuronal cell line PC12 (12). Note that
nitrendipine-inhibited responses recovered significantly after
washout of the drug (Fig. 3), in spite of the lipophilicity of this
compound.

Because the occupancy of binding sites by irreversible ligands
is determined by both the concentration and duration of ligand
exposure, we explored the possibility that the maximal inhibi-
tion produced by w-CgTx was limited by the duration of expo-
sure. Increasing the duration of exposure from 10 to 30 min
failed to increase the maximum inhibition of the depolariza-
tion-induced rise in [Ca?*); produced by w-CgTx (Fig. 6). The
longer incubation time (30 min) reduced the amplitude of the
control responses. In cells that were stimulated every 5-15 min
the responses were very consistent, but when cells remained

control; B, 0.1 nm; C, 1 nv; D, 10 nm; E, 100 nm; F, 1000 nm). A, Start
of a 30-sec exposure to 50 mm K*. Note that the [Ca®*} response
partially recovers after removal of nitrendipine from the medium. Each
record is from a different cell. Al experiments were carried out in HEPES-
Hanks’ with normal divalent cation concentrations.
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Fig. 4. w-CgTx inhibits depolarization-induced increases in [Ca®*] in a
concentration-dependent manner. «-CgTx inhibits the rise in [Ca®**}, in
low-divalent cation (0.13 mm Ca?*, 0.09 mm Mg?*) () and normal (1.3
mm Ca?*, 0.9 mm Mg?*) (O0) HEPES-Hanks’-based media, in a concentra-
tion-dependent manner. Data are presented as mean + standard error
(n = 3), with each response in the presence of w-CgTx expressed as a
percentage of the response before «-CgTx application. **, Statistically
significant differences (p < 0.05) between low and normal divalent cation
conditions for the same concentration of «-CgTx, as determined by
Student's t test.
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quiescent for 20-30 minutes, as was necessary for this series of
experiments, the responses declined. The maximal inhibition
produced by w-CgTx, relative to this reduced control response,
was 35%. The longer incubation time did shift the dose-re-
sponse curve to the left, as would be expected for an irreversible
agent. It appears that, in normal HEPES-Hanks’ buffer, ex-
posure to 100 nM w-CgTx for 10 min maximally inhibits all of
the Ca?* channels that are sensitive to toxin in these cells.

These results suggest the presence of a population of dihy-
dropyridine-sensitive, w-CgTx-insensitive Ca?* channels in
NG108-15 cells. Indeed, when both drugs were sequentially
applied to an individual cell, 1 uM nitrendipine completely
abolished the remaining depolarization-induced [Ca®*]; tran-
sient after a maximally effective dose of the toxin (100 nM)
(Fig. 7).

In order to further characterize the action of w-CgTx, cells
were treated with the toxin repeatedly in low-divalent cation
HEPES-Hanks’ buffer. w-CgTx (10 nM) inhibited the [Ca®*];
response by approximately 45%, and this effect did not reverse
significantly (Fig. 8B). A second exposure to 10 nM w-CgTx
produced no further inhibition of the [Ca?*}; transient (Fig.
8C). This finding is consistent with the idea that there is a
population of w-CgTx-insensitive Ca?* channels in these cells.
When an exposure to 10 nM w-CgTx was followed by exposure
to 1000 nM w-CgTx, no significant additional inhibition was
observed, nor was there a reversal of the blockade, as might be
predicted from the U-shaped dose-response curve (Fig. 8D).
When the cell was first exposed to 1000 nM w-CgTx, which had
only minimal effects on the [Ca®*}; response to 50 mM K*, the
cell was actually protected from a later exposure to the normally
effective concentration of 10 nM (Fig. 8E). The high dose of w-
CgTx did not affect the ability of 1 uM nitrendipine to inhibit
the increase in [Ca?*]; (Fig. 8F), indicating that high concen-
trations of w-CgTx do not simply mask the actions of Ca**
channel blockers. Thus, the low affinity actions of w-CgTx are
apparently irreversible as well.

Discussion

The characterization of multiple types of Ca®>* channels in
neurons (3, 4) and the subsequent discovery that individual
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Fig. 5. »-CgTx inhibits depolarization-induced [Ca?*}, transients in normal
and low divalent metal concentrations. Representative experimental
records, each from a different cell, show the effects of various doses of

«-CgTx applied in the superfusion media, as indicated by the horizonta/
bars (A, control; B, 1 nM; C, 10 nm; D, 100 nm; E, 1000 nm). A, Beginning
of a 30-sec exposure to 50 mm K*. Note that there is no significant

recovery of the [Ca?*} response after removal of «-CgTx from the
medium.

Ca?* channel subtypes can be linked to specific neuronal func-
tions (14) have provided a strong impetus to search for subtypes
of Ca®* channels and drugs that specifically target them. In
this report, we have used pharmacological agents as tools to
study Ca?* channel subtypes in NG108-15 cells. Consistent
with previous reports (25, 26), we have found that whole-cell
Ba?* currents elicited from —30 mV, as well as the entire
depolarization-induced [Ca?*}; transient in NG108-15 cells, are
blocked by the dihydropyridine drug nitrendipine. However,
only approximately half of this nitrendipine-sensitive Ca®*
influx was inhibited by w-CgTx. The inhibition produced by w-
CgTx was concentration dependent, irreversible, and shifted to
lower concentrations by decreases in the extracellular concen-
tration of divalent metals, as previously described in radioli-
gand binding experiments (27-30).

These results are significant in several respects. (i) w-CgTx
potently and irreversibly inhibits dihydropyridine-sensitive
Ca?* channels, and (ii) this inhibition is manifest in a U-shaped
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Fig. 6. increasing the duration of exposure to «-CgTx does not increase
maximal inhibition. cells to w-CgTx in normal HEPES-Hanks'

(1.3 mm Ca®*, 0.9 mm for 30 min (@) shifts the dose-response
curve to the left, compared with a 10-min exposure (), without increas-

10-min control, as indicated by Student's ¢ test.
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Fig. 7. Nitrendipine blocks residual depolarization-induced [Ca?*} re-

sponse after application of w-CgTx. The experimental trace shows partial
blockade of the 50 mm K*-induced [Ca®*}, rise by a effective
concentration of 100 nm «-CgTx. Nitrendipine (1 um) blocks the remainder
of this response. Labeled bars, drug presence; A, beginning of a 30-sec
exposure to 50 mm K*.

dose-response curve, showing inhibition of approximately 50%
of the dihydropyridine-sensitive channels at a maximally effec-
tive concentration, suggesting that (iii) these cells contain two
types of dihydropyridine-sensitive Ca?* channels.

There is general agreement that w-CgTx irreversibly blocks
N-type neuronal Ca?* channels. However, recent studies on
another neuronal cell line, PC12 (12), and in chick sensory
neurons (13) have suggested that there is a population of L-
type channels that is unaffected or transiently blocked by w-
CgTx. We have demonstrated the presence of dihydropyridine-
sensitive, w-CgTx-insensitive channels in NG108-15 cells. Ad-
ditionally, we have demonstrated unequivocally that dihydro-
pyridine-sensitive, L-type Ca?* channels can be irreversibly
blocked by w-CgTx. Furthermore, the U-shaped dose depend-
ence of this effect may explain the controversy surrounding the
action of this toxin on L-type channels. Studies in which w-
CgTx failed to inhibit L-type channels employed micromolar
concentrations of the peptide, which, depending on the concen-
tration of divalent metal ions, may prove ineffective, due to
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reversal of the Ca’* channel blockade at higher w-CgTx con-
centrations (12, 31).

There is precedence for an unusual dose dependence for w-
CgTx. Reynolds et al. (32) reported a dose-response curve for
@-CgTx in which the toxin maximally inhibited depolarization-
induced “*Ca?* uptake in rat brain synaptosomes by 50%, with
the effect gradually developing over 4 log units and with a
plateau from 0.05 to 5 nM. In rat cerebellar cortex synapto-
somes, Adamson et al. (33) found 93 nM w-CgTx to be just as
effective at inhibiting an increase in [Ca’*]; as 1 uM w-CgTx.
Suszkiw et al. (34) reported a plateau in the dose-response curve
of chick brain synaptosomes to w-CgTx. These authors also
reported that, in rat brain synaptosomes, only 40% of the total
Ca?* response was w-CgTx sensitive. Similarly, Keith et al. (35)
found that w-CgTx inhibited only 55% of depolarization-in-
duced [°*H]norepinephrine release. Thus, several reports suggest
the presence, in neuronal tissue, of w-CgTx-insensitive Ca?*
channels that are activated by protocols that would not be
expected to recruit T-type channels.

Several possible explanations for the U-shaped dose response
may be considered. Precipitation of w-CgTx from solution at
high concentrations seems unlikely, for several reasons. The
peptide was diluted from a concentrated stock (100 uM), the
concentration at which the effect began to reverse was only 100
nM, and the reversal was graded, with less block being produced
as additional toxin was applied. Furthermore, pretreatment
with a high (1 uM) concentration of w-CgTx actually protected
the channels from the effects of a subsequent exposure to 10
nM toxin. Finally, the entire U-shaped dose-response curve
shifted in a parallel manner in response to changes in the
extracellular divalent metal concentration. Divalent metals
have been shown to regulate the w-CgTx binding site in a
similar fashion (27, 29, 30). Thus, it appears that the reversal
of the toxin block is mediated through the w-CgTx binding site.
In order to further characterize the actions of w-CgTx, Ca®*
influx was tested in a series of experiments in which w-CgTx
was applied sequentially to the same cell. w-CgTx (10 nM)
irreversibly inhibited the [Ca?*]; increase by 45-50%. When
applied a second time, 10 nM w-CgTx had no detectable effect
on the remaining Ca?* response to 50 mM K*. Application of 1
uM w-CgTx, which alone produced no detectable alteration in
the Ca®* response, rendered 10 nM w-CgTx ineffective at inhib-
iting the rise in [Ca?*].. This finding suggests that, at higher
peptide concentrations, w-CgTx binds to a site that is ineffec-
tive at inhibiting Ca?* influx but prevents w-CgTx binding to
the site that produces Ca®* channel blockade. Once bound to
this low affinity site, the effect does not readily reverse. This
being the case, long incubations with low concentrations of w-
CgTx should produce the most effective inhibition of depolar-
ization-induced Ca®* influx. When cells were exposed to 1 or
100 nM w-CgTx for 30 min, no increase in the maximal inhi-
bition of the depolarization-induced rise in [Ca?*]; was ob-
served. This is consistent with the presence of two populations
of dihydropyridine-sensitive Ca?* channels in these cells.

There are a number of reports suggesting that additional
Ca?* channel subtypes may exist. In the PC12 cell line, an w-
CgTx-insensitive component of the N current has been de-
scribed (12). Dihydropyridine-sensitive N channels have been
reported in rat brainstem and spinal cord projection neurons
(36), and w-CgTx-insensitive, or partly sensitive, L-type chan-
nels have been described in chick sensory neurons (13, 31) and
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Fig. 8. Sequential application of various concentrations of w-CgTx in low-divalent cation media. Horizontal bars,
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30-sec exposure to 50 mm K*. A, Control; B, 10 nm; C, 10 nm applied twice; D, 10 followed by 1000 nm; E, 1000 folowed by 10 nm. F, Application
of 1 um w-CgTx, which had very little effect on the depolarization-induced rise in [Ca®*},, does not affect the biockade of this response by 1 um
nitrendipine (Nit). Each trace is representative of at least three experiments.

adrenal chromaffin cells (37). We have shown that, after a
maximally effective concentration of w-CgTx, the remaining
depolarization-induced [Ca?*); transient can be blocked by ni-
trendipine (Figs. 1 and 7). These data indicate the presence of
two populations of dihydropyridine-sensitive Ca?* channels in
the same cell, one blocked by w-CgTx and the other resistant.
Although the U-shaped dose-response curve produced by the
toxin casts some doubt on this hypothesis, it is consistent with
several experimental results. The maximal inhibition of ap-
proximately 50% could not be increased by (i) prolonged incu-
bation time, (ii) decreased extracellular divalent metal concen-
trations, (iii) repeated exposure to w-CgTx. We conclude that
there are two populations of L-type channels coexpressed in a
single cell. Because NG108-15 cells are a hybrid between a
neuronal and a non-neuronal cell (neuroblastoma X glioma), it
is possible that both neuronal (w-CgTx-sensitive) and non-
neuronal (w-CgTx-insensitive) L-type channels are expressed.
This scenario would suggest that the two channel types are

structurally unique and that the differing pharmacological
properties are not merely a result of the cellular environment.

In conclusion, we wish to suggest caution in the use of w-
CgTx as a tool for the pharmacological definition of Ca**
channel subtypes. The toxin will clearly inhibit dihydropyri-
dine-sensitive Ca?* channels in an irreversible manner, but
excessive concentrations of w-CgTx actually render it ineffec-
tive in blocking Ca?* channels. Furthermore, a dihydropyridine-
sensitive, w-CgTx-insensitive Ca’* channel may be present in
neuronal cells.
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