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ABSTRACT The effects of various organic Ca2+ channel in-
hibitors were investigated on the binding of the a,-antagonist 3H-
labeled 2-[(2',6'-dimethoxyphenoxyethyl)aminomethyl]-1,4-ben-
zodioxane ([ H]WB4101) to membranes from rat brain and neu-
roblastoma-glioma hybrid cells (NG108-15). As found by moni-
toring binding of [H]WB4101, the Ca2+ channel inhibitors
methoxyverapamil (D600), verapamil, and the nifedipine ana-
logue YC-93 bind to two different sites in rat brain: a high-affinity
site (dissociation constant kd = 2.9 nM and binding capacity B
= 360 fmol/mg of protein) and a low-affinity site (Kd = 260 nM
and B = 2700 fmol/mg of protein). In NG108-15 cells, where no
alreceptors were detected with [ H]VVB4101, the Ca2+ antago-
nists were found to bind to nonadrenergic sites in the membrane
with a capacity B = 976 fmol/mg of protein. The binding of Ca2+
antagonists to [3H]WB4101 sites led to the investigation of WB-
4101 as a Ca2+ inhibitor by electrophysiological techniques. WB-
4101 depressed the amplitude and reduced the rate of rise of the
Ca2+ spike with an affinity slightly greater than that observed for
D600. The concentration for 50% inhibition of the Ca2+ spike am-
plitude was 48 jM for WB-4101 and 80 FaM for D600. The WB-
4101-induced blockade of the Ca2+ spike was antagonized by high
Ca2+ concentrations, indicating a common site for Ca2+ and the
a-antagonist. D600 and WB-4101 also inhibited voltage-depen-
dent Na+ and K+ conductances. The results suggest that Ca2+
channels can account for a fraction of the sites labeled with
[3H]WB4101 in membrane preparations from brain and NG108-
15 cells.

The role of Na+, K+ and Ca2` ions in physiological processes
has been reviewed extensively (1, 2). The existence of specific
antagonists enabled the differentiation and identification of the
channels involved in the transport of these ions as separate enti-
ties. Relative to Na+ channel blockers such as tetrodotoxin
(TTX) and scorpion toxin (3, 4), the Ca2` inhibitors display a
rather low affinity and poor selectivity. Although compounds
such as verapamil, methoxyverapamil (D600), and nifedipine
are considered to be specific Ca2+ antagonists (1, 2) their actions
are not confined to Ca2+ channels. In addition to blocking Ca2+
currents in smooth and cardiac muscle (1), D600 (-1 uM) has
been reported to inhibit a slowly activating outward current in
cardiac Purkinje cells that is carried principally by K+ (5). At
higher concentrations (. 100 AM), D600 and verapamil are also
known to block fast Na+ currents (2). Moreover, these agents
have been shown to inhibit uptake of dopamine, (-)-norepi-
nephrine [(-)NE], serotonin, and choline in rat forebrain syn-
aptosomes (6). During the preparation of this paper, Fairhurst
et al. (7) demonstrated that D600 and verapamil display an af-
finity for the a-adrenergic receptors in rat cortex homogenates
and for the muscarinic receptors in rat brain striatal homogenates.

In the present study we describe the at-adrenergic properties
of the organic Ca2+ inhibitors by monitoring their ability to
displace the potent 3H-labeled al-antagonist 2-[(2',6'-dimeth-

oxyphenoxyethyl)aminomethyl]-1,4-benzodioxane ([3H]WB-
4101) from binding sites in rat brain membranes. We also ex-
amine the Ca2"-blocking effects of WB4101 by electrophys-
iological techniques. WB-4101 inhibits both the Ca2" spike and
the mixed Na', Ca2" spike in the neuroblastoma-glioma hybrid
clone NG108-15. The blocking affinities of WB-4101 resemble
closely those of the Ca2+ antagonist D600.

MATERIALS AND METHODS
Drugs. [4-3H]Clonidine (22.2 Ci/mmol; 1 Ci = 3.7 X 10'°

becquerels) and [3H]WB-4101 (24.4 Ci/mmol) were obtained
from New England Nuclear. (+)-Norepinephrine [(+)NE] was
purchased from Adams (Round Lake, IL). (-)-NE was from
Sigma. D600 and verapamil were from Bayer (W. Germany).
The following were generous gifts: WB-4101 from Ward Blen-
kinshop (England); phentolamine from Ciba-Geigy; and 2,6-
dimethyl-4-(3-nitrophenyl)-1,4-dihydropyridine-3,5-dicarbox-
ylic acid 3-[2-(N-benzyl-N-methylamino)]ethyl, 5-methyl es-
ter HCl (YC-93) from D. J. Triggle. The other chemicals were
of reagent quality.
Membrane Preparation. The preparation of rat brain P2

pellet was carried out essentially as described (11). A similar
procedure was used for obtaining membranes from the neu-
roblastoma-glioma hybrid NG108-15. The hybrid cells (sub-
culture 17-22) were grown in Falcon flasks (75 cm2 surface area)
under standard growth conditions (9). Protein was determined
by the method of Lowry et al. (10).

Binding of [3H]WB-4101 to Membranes. Binding assays
were carried out according to established procedures (11). Spe-
cific [3H]WB-4101 binding to a-adrenergic receptors and other
sites in the membrane was obtained by using 0.1 mM unlabeled
WB-4101 or 0.1 mM D600 to determine nonspecific binding.
Binding curves were analyzed with the aid of the SCATFIT
program of V. B. Faden and D. Rodbard (12) on the IBM 370
computer (National Institutes of Health Computer Center).
The binding of [3H]clonidine to rat brain membranes was de-
termined by described methods (11).

Electrophysiology. Experiments were routinely performed
in Dulbecco's modified Eagle's medium in 35-mm tissue cul-
ture dishes containing 1-3 X 105 differentiated NG108-15 cells.
The cells were induced to differentiate by addition of 1 mM
dibutyryl cyclic AMP for '1 week. Ca2+ spikes were recorded
in a Na'-free solution of the following composition (mM): KC1,

Abbreviations: D600, methoxyverapamil; WB-4101, 2-[(2',6'-dime-
thoxyphenoxyethyl)aminomethyl]-1,4-benzodioxane; (-)NE, (-)-nor-
epinephrine; (+)NE, (+)-norepinephrine; TTX, tetrodotoxin; YC-93,
2,6-dimethyl4-(3-nitrophenyl)-1,4-dihydropyridine-3,5-dicarboxylic acid
3-[2-(N-benzyl-N-methylamino)]ethyl ester, 5-methyl ester-HCl (nife-
dipine analogue).
t Permanent address: Department of Biological Chemistry, Institute
of Life Sciences, The Hebrew University of Jerusalem, Jerusalem,
Israel.
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FIG. 1. Binding of [3H]WB-4101 to rat brain membrane preparations in the absence and in the presence of WB-4101 (unlabeled) and D600.
Reaction mixtures contained 114 ,tg of membrane protein and [ HIWB-4101 in increasing concentrations. The buffer used was 50 mM Tris8HCl,
pH 7.5/10 mM MgCl2. Incubations were carried out at 250C for 40 min, in the absence (0) or presence of 0.1 mM WB-4101 (W) or 0.1 mM D600
(). (Inset) Total binding and nonspecific binding of [3H]WB-4101. The outer figure is a Scatchard analysis of specific [3H]WB-4101 binding to rat
brain membrane preparations. Computer fits are shown in broken lines. The best fit was a two-site model with dissociation constants Kdl = 2.9
nM and Kd2 = 260 nM. The corresponding binding capacities were B1 = 360 fmol/mg of protein and B2 = 2700 fmol/mg of protein, respectively.

5.4; MgCl 0.81; CaCl2, 1.8; glucose, 25; and Tris, 170. The
80 mM Ca + solution was prepared by substitution of Ca2+ for
Tris. The Ca2+ solutions were adjusted to pH 7.4 with HC1 and
were approximately isosmotic with Dulbecco's modified Eagle's
medium (330-340 milliosmoles/kg). The temperature of the
bathing medium was maintained at 37 ± 0.50C. The cells were
visualized with the aid of phase-contrast optics (Zeiss) and im-
paled by 3 M KCl-filled microelectrodes (20-40 MW). Stimu-
lation was achieved by passing current through the recording
electrode via the bridge circuit of a W-P Instruments M-707
amplifier.
The maximal rates of rise and fall of the action potential were

obtained by electronic differentiation using an operational am-

plifier (time constant, 100 ,usec). Unless stated otherwise, the
spikes were elicited from a hyperpolarized level of -90 mV to
ensure optimal and uniform electrical responses. Under these
conditions the majority of spikes in both the modified Eagle's
medium and 1.8 mM Ca2+ saline exhibited all-or-none char-
acteristics. The spikes become graded in the presence of high
concentrations of the Ca2' and a-adrenergic antagonists. The
maximal amplitude and rate of rise of such graded responses
were then used for construction of the dose-response
relationships.

Drug solutions were prepared from frozen stock solutions
dissolved in distilled water. The cells were washed two to three
times with 2-ml samples of the desired drug solution prior to
recording, and a similar washing procedure was employed when
switching from Dulbecco's modified Eagle's medium to Ca2+
saline. A 15- to 30-min period was allowed for equilibration of
cells to all solution changes.

RESULTS

Binding of [3HJWB-4101 to Rat Brain Membranes. Binding
of [3H]WB-4101 to rat brain a-receptors and to other sites is
depicted in Fig. 1. The Scatchard analysis suggests two distinct
populations. The data were fitted to a model with two types of
binding sites: a class of high-affinity sites with kd = 2.9 nM and
binding capacity of 360 fmol/mg of protein, and a class of low-
affinity sites with Kd = 260 nM and a binding capacity of 2700
fmol/mg protein. The high-affinity sites most probably repre-

sent the a,-receptors. Some heterogeneity in the high-affinity
a,-receptors was described (13-16).

Displacement of [3H]WB-4101 by D600 and
Verapamil. D600 and verapamil compete effectively with
[3H]WB-4101 for sites in rat brain membranes (Fig. 2). The
concentration of [3H]WB-4101 used in this experiment was 15
nM at which [3H]WB-4101 binds to a,-receptors plus additional
sites (see Fig. 1). Indeed phentolamine, a well-defined a1-an-

tagonist, displaces only a fraction of the [3H]WB-4101 bound
(Fig. 2). Like phentolamine, D600 and verapamil bind specif-
ically to a-receptors (the concentration inhibiting binding by
50%, IC50, SD, = 2.0 + 0.9 ,M), but, in contrast to phen-
tolamine, the Ca2+ antagonists bind also to the low-affinity frac-
tion of the [3H]WB-4101 binding sites. These observations sug-
gest that WB-4101, D600, and verapamil bind with high affinity
to a,-receptors and to "other" sites with lower affinity. The
"other" sites may be involved with Ca2+ transport, because both
verapamil and D600 have distinct effects on Ca2+ entry.

a-Adrenergic and "Other" Sites Labeled with [3H]WB-
4101. In an effort to define the two main classes of binding sites
monitored by [3H]WB-4101, we studied the displacement of
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FIG. 2. Displacement of [3H]WB-4101 by D600 and verapamil
from rat brain membrane preparations. The binding assays were car-
ried out in the buffer described in Fig. 1, containing 123 ,ug of rat
membrane protein, 15 nM [3HIWB-4101, and the unlabeled Ca2" an-
tagonists [D600 (e) or verapamil (o)] in the appropriate concentra-
tions. Incubations were carried out for 40 min at 25°C. The amount
bound in the presence of 10 ,uM phentolamine is shown by the broken
line (660 fmol/mg of protein). Total binding was 1000 fmol of [3H]WB-
4101 per mg of protein.
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bound [3H]WB-4101 by a-receptor-directed ligands and Ca2+
channel antagonists at different [3H]WB-4101 occupancies.
When 4.3 nM [3H]WB-4101 was used, (-)NE and the 1/100th
as effective (+)NE displaced a fraction of [3H]WB-4101 bound
(121 fmol/mg of protein). The amount of [3H]WB-4101 dis-
placed by 10 AuM phentolamine was used as the criterion for
monitoring specific binding to a,-receptors (151 fmol/mg of
protein) (Fig. 3A). Both unlabeled WB-4101 and higher con-
centrations of phentolamine displaced [3H]WB-4101 further,
below the value obtained with 10 tM phentolamine. Neither
(-)NE nor (+)NE showed an affinity for sites other than those
defined as a-adrenergic receptors. When the concentration of
[3H]WB-4101 in the binding assay was increased, the fraction
displaced by (-)NE was progressively decreased (Fig. 3B).
(-)NE (100 ,M) displaced a maximum of 9% of the total bind-
ing when 24 nM [3H]WB-4101 was used (Fig. 3A); however,
phentolamine displaced up to 25% (at 10 ,M) and 30% (at 100
AuM) of the [3H]WB-4101 bound (Fig. 3B). Similarly, the Ca2+
channel inhibitors D600 and YC-93 displaced not only the
[3H]WB-4101 bound to a-receptors but also the [3H]WB-4101
bound to "other" sites.

a1-Adrenergic Properties of D600, YC-93, and Verapamil.
In displacement of 1.1 nM [3H]WB-4101 by D600, YC-93, and
verapamil, conditions in which [3H]WB-4101 labels a1-adren-
ergic sites almost exclusively, the IC50 values obtained were 1.4
,M for verapamil and 4 ,uM for D600 and YC-93 (data not
shown). The dissociation constants calculated for these com-
pounds are 0.31 ± 0.5 ,M and 0.93 ± 0.9 .M, respectively.
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FIG. 3. Displacement of [3H]WB-4101 from rat brain membrane
preparations by various a-adrenergic ligands and Ca2" antagonists.
All binding assays were performed in 50 mM Tris HCl, pH 7.5/10 mM
MgCl2. Incubations were for 40 min at 250C with 110 ,g of rat mem-
brane protein. (A) Displacement of [3H]WB-4101 (4.3 nM) by W1B-4101
(o), phentolamine (o), (-)NE (A), and (+) NE (A). Total binding was
336 fmol/mg of protein. The transition from specific to nonspecific
binding is depicted by the broken lines. These represent the fraction
of [3H]WB-4101 displaced by (-)NE (upper line) or phentolamine
(lower line) at the indicated concentrations. (B) Displacement of
[3H]WB-4101 (24 nM) by (-)NE (A), phentolamine (o), D600 (o), YC-
93 (i), and WB-4101 (o). Total binding in this assay was 1800 fmol/
mg of protein. (-)NE displaced only 8% of the total binding; 10 ,uM
phentolamine displaced 21% of the total binding.
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FIG. 4. Displacement of [3H]WB-4101 by (-)NE (A), phentol-
amine (o), D600 (e), and WB-4101 (o) in neuroblastoma-glioma hybrid
cells (NG108-15). Binding mixtures contained, in the standard binding
buffer, 105 ,ug of protein from NG108-15 washed membrane prepara-
tions, 24.2 nM [3H]WB4101, and the ligands mentioned above in the
indicated concentrations. Incubations were for 40 min at 25°C. Total
binding to the cell membranes was 1680 fmol/mg of protein. Subtract-
ing nonspecific binding (determined in the presence of 100 uM WB-
4101) yields 976 fmol/mg of protein.

The a-adrenergic effects of D600 and verapamil should be con-
sidered when interpreting data on Ca2' blockage (7) and in clin-
ical use of these agents (1, 17).
The classification of a-adrenoreceptors into two distinct

groups, a, and a2, is now well established (18-21). [3H]WB-
4101 labels specifically a,-receptors, whereas [3H]clonidine la-
bels specifically a2-receptors. Because the Ca2+ antagonists
were found to bind strongly to a,-receptors, it was of interest
to examine their affinity for a2-receptors. The IC,% for displace-
ment of [3H]clonidine by D600 was found to be higher than 300
,uM (data not shown).

Binding of [3H]WB-4101 to NG108-15 Cells. The neuroblas-
toma-glioma hybrid cells were recently shown to possess a2-
receptors by indirect binding studies using [3H]clonidine (8).
However these cells appear to lack a,-receptors. This conclu-
sion is based on the finding that [3H]WB-4101 binding to
NG108-15 cells is not displaceable by (-)NE or low concentra-
tions (sl10 uM) of phentolamine. From Fig. 4, it is apparent
that (-)NE up to 100 ,uM does not displace [3H]WB-4101.
Phentolamine at 10,uM displaced 4% of total binding to the cell
membranes and 20% at 100 ,uM. D600 displaced almost 40%
of total binding to the membrane at 10, M and 55% at 100,M.
Unlabeled WB-4101 at 1.0 ,uM and 10 ,.M displaced 50% and
55% of total binding, respectively. Total binding to the NG108-
15 membrane was 1680 fmol/mg of protein. The a2-receptor
population in this preparation was found to be 62 fmoVmg of
protein, as measured by [3H]clonidine binding (data not
shown).

Characteristics of Action Potentials in NG1O8-15 Cells. The
control cells that were used for electrophysiological studies had
resting membrane potentials ranging between -40 and -65
mV (mean ± SEM = -51.6 ± 1.4 mV, n = 43). When the
membrane potential was preset to -90 mV, the action potential
in normal medium had an amplitude of 65.3 ± 1.84 mV and a
rate of rise of 86.3 ± 7.4 V/sec (n = 23) (Fig. 5A). Upon ad-
dition of 3 ,uM TTX or replacement of external Na+ by Tris,
(Fig. 5C), a smaller and much slower spike was observed. The
amplitude, overshoot, and rate of rise of this spike varied with
external Ca2+ (Fig. 5E). These findings suggest that the slow
spike is carried by Ca2 , whereas the spike in normal medium
is carried by both Na+ and Ca2 . Regenerative responses in the
neuroblastoma clone NiE-115 (22) and the neuroblastoma-glioma
hybrid clone 108CC25 (23) have also been shown to involve in-
creases in permeability to both Na+ and Ca2+.

Effect of D600 and WB-4101 on Electrical Excitability. The
Ca2" inhibitor D600 and the a-adrenergic antagonist WB-4101
were tested for their ability to alter voltage-dependent Ca2"

Neurobiology: Atlas and Adler
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FIG. 5. Effect of WB-4101 on regenerative responses from NG108-

15 cells. Three cells are shown prior to (left) and during (right) addition
of 150 ILM WB-4101 in Dulbecco's modified Eagle's medium (A and B),
in a Na'-free solution containing 1.8 mM Ca2" (C andD), and in a Na'-
free solution containing 80 mM Ca2" (E and F). Membrane potentials
were adjusted to -90 mV prior to stimulation and records were taken
34 min (B), 29 min (D), and 22 min (F) after addition of WB-4101. The
upper, middle, and lower traces in each panel show, respectively, the
current pulse, the action potential, and its first derivative. The base
line for the current trace indicates the 0-mV level for the action po-
tential. Calibrations: the vertical bar denotes 4 nA, 40 mV, and 200
V/sec (A and B), 20 V/sec (C and D), or 40 V/sec (E and F). The hor-
izontal bar represents 100 msec.

conductance, using the Ca2" spike amplitude and rate of rise
as criteria for action on Ca2" channels.

In control cells the Ca2" spike had an amplitude of 40.2 ±
0.85 mV and a rate of rise of 6.1 ± 0.41 V/sec (mean ± SEM,
n = 21). Approximately 80% of the cells sampled displayed all-
or-none behavior. After addition of D600 at concentrations of
35 ,uM or greater, the spike showed a dependence on stimulus
intensity and underwent a depression in amplitude (Fig. 6),
accompanied by a marked slowing in its rates of rise and fall.
The IC50 values for inhibition of the Ca2+ spike amplitude and
rate of rise were 80 and 24 MuM, respectively. The concentra-
tions of D600 required to block Ca2+ spikes in NG108-15 cells
are considerably higher than those found effective in inhibiting
voltage-sensitive Ca2+ responses in smooth and cardiac muscle
(1, 2). They are consistent, however, with values reported for
blockade of Ca2+ in other neuronal systems (24).

The actions of WB-4101 on the Ca2' spike resembled closely
those of D600 (Fig. 6). All spikes were graded at WB-4101 con-
centrations of 35 MM or greater. The IC,% for inhibition of the
Ca2+ spike amplitude was estimated from Fig. 6 as 48 ,uM,
making WB-4101 slightly more potent than D600 in this char-
acteristic. Likewise, WB-4101 was somewhat more potent than
D600 in reducing the maximal rate of rise of the Ca2' spike
(IC50 = 16 MuM).

In addition to Ca2+ channels, D600 and WB-4101 also
blocked voltage-sensitive Na+ and K+ channels. The IC50 for
reduction of the Na+ spike amplitude was estimated to be 230
and 105MuM for D600 and WB-4101, respectively (Fig. 7). Com-
parison of these IC50 values with those obtained for inhibition
of the Ca2" spike indicates that both agents are more effective
in reducing Ca2+ conductance than Na+ conductance. The se-
lectivity is rather small, however, being approximately 3-fold
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FIG. 6. Effect of various concentrations of D600 (e) and WB-4101
(o) on Ca2+ spike amplitudes of NG108-15 cells recorded in Na+-free
medium containing 1.8 mM Ca2 . Ca2+ spikes were elicited with 100-
to 300-msec depolarizing pulses. The membrane potential was preset
to -90 mV prior to stimulation. The symbols show the mean ± SEM
of data obtained from 7-11 cells.

for D600 and 2-fold for WB-4101.
Blockade of K+ conductance was observed in normal medium

as well as in Na+-free solutions. Concentrations of D600 and
WB-4101 between 1 and 10 MM produced a marked slowing in
the falling phase of both Na+ and Ca2+ spikes, whereas higher
drug concentrations (.200 MM for WB-4101 or .350 ,MM for
D600) caused an almost complete block of delayed rectification.
Inhibition of Na+ and K+ conductance by high concentrations
of D600 have been reported previously (2, 25).

Antagonism of the WB-4101 Inhibition by Increases in Ex-
ternal Ca2". The level of inhibition produced by WB-4101 on
the Ca2' spike was found to vary with Ca2+ concentration. This
is illustrated in Fig. 5. When 150 MM WB-4101 was added to
cells bathed in 1.8 mM Ca2+, the Ca2+ spike amplitude and its
rates of rise and fall were markedly depressed (Fig. SD); How-
ever, when the Ca2+ concentration was raised to 80 mM, 150
MM WB-4101 had little effect on the spike amplitude and re-
duced its rate of rise by only 47% (Fig. 5F). The most prominent
effect of WB-4101 in high Ca2+ was a depression in the rate of
fall and prolongation of the decay phase of the Ca2+ spike, in-
dicating a continued block of K+ conductance. The ability of
high Ca2' concentrations to antagonize the blockade of Ca2'
spikes by WB-4101 is of interest because it implies a direct ac-
tion of WB-4101 on the Ca2+ channel. The failure of 80 mM
Ca2+ to antagonize the inhibition of K+ conductance to the same
degree suggests that the channels are blocked independently;
hence the low selectivity encountered with WB-4101 is not
necessarily a consequence of a general toxic effect on the mem-
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FIG. 7. Effect of various concentrations of D600 (e) and WB4101
(o) on Na+ spike amplitudes of NG108-15 cells recorded in Dulbecco's
modified Eagle's medium. Although both Na+ and Ca2+ carry the in-
ward current in normal medium, the peak amplitude and maximal rate
of rise of the action potential reflect principally the contribution of
Na+. Cells were stimulated by 100- to 300-msec depolarizing pulses
from a background level of -90 mV. The symbols represent the mean
± SEM of data obtained from 7-10 cells.
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brane. Other explanations for the interaction between elevated
Ca2+ concentrations and WB4101 are considered in Discussion.

DISCUSSION

In the present study we examined the properties of two dif-
ferent populations of sites labeled by [3H]WB4101. As previ-
ously reported (13-16), WB-4101 binds with high affinity to al-
adrenergic receptors. Our results on rat brain membranes in-
dicate that in addition to the a1-adrenergic receptors (360 fmol/
mg of protein) that are labeled with [3H]WB4101, a much
larger population (2700 fmol/mg of protein) is also labeled by
this ligand with about 1/100th the affinity. The Ca2+ antagonists
D600 and verapamil displaced [3H]WB4101 effectively from
both a-adrenergic receptor sites and the lower affinity sites.
YC-93, an analog of nifedipine that differs structurally from
D600, also competes at both sites labeled with [3H]WB4101.
These results suggest that (i) WB-4101 binds to Ca2+ channels
in addition to a1-adrenergic receptors and (ii) the Ca2+ antag-
onists D600, verapamil, and YC-93 bind to a1-adrenergic re-
ceptors in addition to Ca2+ channels. Blockade of Ca2+ con-
ductance by D600 and WB4101 was clearly demonstrated by
the depression in the amplitude and rate of rise of the Ca2+
spike in the clonal NG108-15 cells. However, at concentrations
affecting Ca2+ entry, both agents also had marked effects on Na+
and K+ conductance. This raises the possibility that the depres-
sion of Ca2+ influx may not represent a specific blockade of
Ca2+ channels but reflects instead general perturbations of
membrane structure. Such a proposal was recently made by
Fairhurst et al. (7) to explain the multiple actions of the organic
Ca2+ inhibitors applied at high concentrations.

While a nonspecific mechanism for channel blockade by
D600 and WB-4101 is distinctly possible, the data can also be
interpreted in terms of a more specific ligand action. First,
D600 and WB4101 displayed at least some selectivity in block-
ing the three principal ion channels, in the sequence K+ > Ca2+
> Na+. Moreover, the selectivity between Ca2+ and Na+ may
be considerably greater than actually observed. This is based
on findings that slow Ca2+ spikes, but not fast Na+ spikes, are
enhanced by K+ blockade (26). Consequently, the inhibition of
K+ conductance by D600 and WB-4101 would be expected to
impair their ability to block the Ca2+ spike and lead to a lower
apparent affinity of the ligands for the Ca2+ channel.

Second, the inhibition of the Ca2+ spike by WB-4101 was
antagonized by an increase in the external Ca2+ concentration,
which may indicate that WB4101 and Ca2+ act competitively
at the same or adjacent sites. These results do not, of course,
rule out a nonspecific mechanism for WB4101, because ele-
vated Ca2+ concentrations are known to antagonize the effect
of local anesthetics (27). If the WB4101 action on channels is
nonspecific, increases in the external Ca2+ concentration
should also antagonize the drug-induced blockade of K+ con-
ductance. Although some alleviation in the blockade of K+ con-
ductance was detected (see Fig. 5), the interpretation of this
finding is complicated by the existence of a Ca2+-dependent K+
conductance in neuroblastoma cells (22). As a result, it is not
clear whether the alleviation of K+ blockade represents an ef-
fect on K+ channels or whether such changes are mediated sec-
ondarily by increases in Ca2+ concentration.

Third, the binding capacities of the low-affinity WB-4101
sites are in the same range as the Na+ channel densities deter-
mined on rat brain synaptosomal preparations by using pho-
toaffinity labels based on scorpion toxin (28) or on [3H]TTX
(29). Thus the WB-4101 site density is in a range appropriate
for ion channels.

One of the major difficulties in characterizing the low-affin-
ity WB-4101 binding sites is the low potency and poor selec-
tivity of the available Ca2+ inhibitors on the systems employed.
A lack of specificity of these agents on synaptosome prepara-
tions was recently reported by Nachshen and Blaustein (24).
The relative ineffectiveness of the organic Ca2+ inhibitors on
neuronal systems indicates a fundamental difference between
these Ca2+ channels and those found in smooth and cardiac
muscle. Preliminary electrophysiological data on the NBr1OA
cell line (which resembles the NG108-15 cell line in its electrical
properties) indicate that the Ca2+ inhibitor YC-93 is more se-
lective and approximately one order of magnitude more potent
than D600, whereas nifedipine is similar to D600 in its potency
and selectivity. Perhaps structural modifications of WB-4101
or YC-93 may lead to the development of more selective neu-
ronal Ca2+ antagonists.
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