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SUMMARY

Ca?* channels in cerebellar Purkinje neurons and N-type

+ channels in sympathetic neurons were found to be inhibited
by D. dopamine receptor antagonists with diverse structures,
including phenothiazines (chiorpromazine and thioridazine), di-
phenylbutylplpeddines (fluspirilene and pimozide), butyrophe-
nones (haloperidol and spiperone), and a piperazine (fluphena-

zine). Dopamine and quinpirole had no effect on P-type Ca?*
channels. In all cases, inhibition was characterized by slow onset
andoffset The effects on P-type and N-type channels were very
similar. Fluspirilene was the most potent of the drugs, with ECs,
vakssoquufaP-typeuxrentandzwforN-typeourrem

Block of P-type channels by fluspirilene was voitage dependent,
being enhanced by depolarized holding potentials, and use de-
pendent, being enhanced by higher stimulation frequencies. The
effect of fluspirilene on the P-type Ca?* channel current was not
prevented by simultaneous exposure to the peptide toxin w-
agatoxin IVA, indicating that fluspirilene binds to a distinct site
on the channel. The results suggest that N-type and P-type Ca?*
channels similar binding sites for dopamine receptor
antagonists and that block of N-type and P-type channels is
relatively weak, compared with that of some T-type and L-type
Ca?* channels.

Mammalian neurons contain multiple types of voltage-de-
pendent calcium channels. Whole-cell and single-channel re-
cordings from neurons have led to the identification of four
families of channels, named T-type, L-type, N-type, and P-
type, which have been distinguished based on differences in
voltage dependence, kinetics, unitary current size, and phar-
macology (1-6). Molecular biological studies have also identi-
fied multiple types of calcium channels in mammalian brain
(3, 4, 7). Some of the cloned channel subunits have been clearly
correlated with L-type calcium channels (8), and others have
been identified as N-type channels (9, 10). Possible correspond-
ence of the other cloned channels with T-type (11) or P-type
(12) channels is less clear.

Calcium channels are known to be targets of many drugs.
The pharmacology of L-type channels is extensive, largely
because many calcium channel blockers were developed for
their effects on the cardiovascular system, mediated by the L-
type channels that predominate in cardiac muscle and vascular
muscle. Potent L-type channel blockers include dihydropyri-
dines like nifedipine and nimodipine, phenylalkylamines like
verapamil, and benzothiazepines like diltiazem. A few drugs
have been described as blockers of T-type calcium channels,
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including amiloride (13) and ethosuximide (14). In contrast,
very little is known about block of N-type and P-type channels
by small synthetic drugs. The pharmacological agents that have
helped distinguish N-type and P-type channels from the other
channel types are mainly large peptide toxins isolated from
venoms, notably w-conotoxin GVIA, identified as a selective N-
type channel blocker (15-17), and w-Aga-IVA, a selective
blocker of P-type calcium channels (6).

The class of drugs known as neuroleptics, which are used to
treat psychiatric disorders, are antagonists of D, dopamine
receptors (18-20). Interestingly, many of these drugs also dis-
play calcium channel-blocking activity. The selectivity of these
drugs for different types of calcium channels is not yet clearly
known. Diphenylbutylpiperidine drugs such as fluspirilene and
pimozide have been shown to affect both L-type and T-type
calcium channels at submicromolar concentrations (21-24).
The effects of these and other neuroleptic drugs on identified
N-type and P-type calcium channels have not yet been reported
and may be of particular interest because of the likely involve-
ment of these channels in synaptic transmission in the central
nervous system (25-27).

Our goal was to characterize the effects of neuroleptic drugs
on N-type and P-type calcium channels in rat neurons. Using
cerebellar Purkinje neurons, where approximately 90% of the
high-threshold current is carried by P-type channels (6), we
found that a variety of dopamine antagonists are able to inhibit

ABBREVIATIONS: «-Aga-IVA, w-agatoxin IVA; BAPTA, 1,2-bis(2-aminophenoxy)ethane-N.N,N’ ,N’-tetraacetic acid; EGTA, ethylene glycol bis(s-
aminoethyl ether)}-N NN’ N'-tetraacetic acid; HEPES, 4-(2-hydroxyethyi)-1-piperazineethanesulfonic acid; DMSO, dimethyisulfoxide; TEA, tetraeth-

ylammonium; GTPvS, guanosine-5’-0O-(3-thiojtriphosphate.
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P-type Ca?* channels. In sympathetic neurons, where 65-95%
of the high-threshold current is carried by N-type channels (6,
17, 28), the antagonists had very similar effects. Fluspirilene,
the most potent of the drugs tested, interacted with P-type
channels in a voltage- and use-dependent manner consistent
with higher affinity binding to channels in open or inactivated
states than to channels in the resting state. The potencies of
the different drugs with P-type channels and N-type channels
were very similar, and both of these channel types appear to be
less sensitive than L-type and T-type channels to some of the
neuroleptic drugs, especially those of the diphenylbutylpiperi-
dine class.

Materials and Methods

Cell preparation. Purkinje neurons were enzymatically dissociated
from the cerebellum of 6-14-day old Long-Evans rats as described
previously (6, 29), with a few modifications. In brief, animals were
anesthetized with chloral hydrate (0.1-0.2 ml of 26% chloral hydrate,
injected intraperitoneally) and perfused (by injection into the left
ventricle of the heart) with ice-cold Ca**-free Tyrode’s solution (150
mM NaCl, 4 mm KCl, 2 mm MgClg, 10 mM glucose, 10 mm HEPES,
pH 7.40 with NaOH). The perfusion rapidly cooled the brain and
cleared it of blood. The cerebellum was then removed and placed in
high-K* dissociation medium (81.4 mm Na,SO,, 30 mM K,SO,, 5.8 mMm
MgCl,, 20.4 mM glucose, 10 mM HEPES, pH 7.40). Meninges were
trimmed away, and the tissue was cut into 12-15 pieces. The enzymatic
incubation was carried out with 3 mg/ml protease (type XXIII; Sigma
Chemical Co., St. Louis, MO) in high-K* dissociation medium at 35°
for 6 min, under oxygenation. Only one third of the tissue pieces were
triturated immediately after the enzymatic incubation; the remaining
tissue was kept under oxygenation, at room temperature, for 1-6 hr
before trituration. Purkinje neurons were identified on the basis of
their characteristic morphology, i.e., large cell somata and single den-
dritic stump. The accuracy of this identification procedure was con-
firmed previously by labeling of Purkinje neurons with propidium
iodide (29).

Hippocampal pyramidal neurons were prepared from 9-day-old
Long-Evans rats using the same enzymatic treatment as for Purkinje
neurons. The hippocampus was cut into 400-um slices with a tissue
chopper. After the enzyme incubation, the slices remained under oxy-
genation until cells were needed. Then, a few slices were removed, and
the CA3 regions were cut out for trituration.

Sympathetic neurons were enzymatically dissociated from the su-
perior cervical ganglia of 7-16-day-old Long-Evans rats using the
method of Bernheim et al. (30), with slight modifications (31). In brief,
two to four ganglia were dissected into Leibovitz’s L-16 medium,
desheathed, and cut into two or three pieces each. The first enzyme
incubation was carried out at 35° for 20 min, with 24 units/ml papain
(Worthington, Freehold, NJ), 0.5 mM EDTA, and 2 mM L-cysteine in
Ca®*-free Tyrode’s solution. For the second enzyme incubation, the
ganglia were incubated at 35° for 46 min with 1.9 mg/ml collagenase
(type I; Sigma) and 16 mg/ml dispase (grade II; Boehringer-Mannheim,
Indianapolis, IN) in Ca®*-free Tyrode’s solution. During the second
incubation, the ganglia were triturated approximately 15 times every
10 min, with a fire-polished Pasteur pipette. The dissociated cells were
pelleted by centrifugation, resuspended in L-15 medium, and stored at
room temperature.

Electrophysiology. Whole-cell recordings were obtained from
freshly dissociated neurons. Pipettes (1-4 MQ resistance) were pulled
from Boralex glass (Dynalab, Rochester, NY), coated with Sylgard
(Dow Corning, Midland, MI), fire-polished, and filled with internal
solution containing 108 mM cesium methanesulfonate, 4 mM MgCl,, 9
muM EGTA, 9 mM HEPES, 4 mM ATP, 14 mM creatine phosphate
(Tris salt), and 0.3 mM GTP (Ttris salt), pH 7.40 with CsOH. In some
experiments, 10 mM BAPTA (tetracesium salt; Molecular Probes,
Eugene, OR) replaced the internal EGTA. In other experiments, 0.3
mM GTP+S replaced the internal GTP. Whole-cell recordings were
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initially established in Tyrode’s solution containing 2 mM CaCl; and 4
mM BaCl,. Cells were then exposed to external solution (160 mM TEA-
Cl, 5 mM BaCl,, 10 mM HEPES, pH 7.40 with TEA-OH) containing 3
uM tetrodotoxin (Sigma). The control external solution and the solu-
tions containing drugs flowed from an array of microcapillary tubes
(internal diameter, 140 um), driven by gravity. Drugs were applied by
moving the cell from one stream to another, and solution exchange was
complete in <1 sec. When drugs were diluted from a stock solution in
DMSO, DMSO was added to the control external solution at a dilution
equivalent to that in the external solution containing drug. In some
experiments, 0.3-0.5 mM Cd** was applied at the end of the experiment
to identify and subtract non-Ca** channel currents. In experiments
with w-Aga-IVA, 1 mg/ml cytochrome ¢ was included in all external
solutions.

Whole-cell currents were recorded using a Dagan 3900 patch-clamp
amplifier and the BASIC-FASTLAB interface system (INDEC Sys-
tems, Capitola, CA). Currents were filtered at 10 kHz (four-pole Bessel
low-pass filter) and digitized every 50 usec. Series resistance compen-
sation was used, typically for 75-90% of the series resistance measured
from the uncompensated capacity transient (dividing the decay time
constant by cell capacitance) or from the potentiometer used for nulling
the capacity transient. Experiments were rejected if remaining voltage
errors (calculated as current times uncompensated series resistance)
were >5 mV. Reported potentials have been corrected for a liquid
junction potential of ~10 mV between the internal solution and the
Tyrode’s solution in which the pipette current was zeroed before sealing
onto the cell. In all cases, except where noted, high-threshold Ca**
channel currents were elicited every 5 sec by a 50-msec depolarizing
step to a potential of —10 mV from a holding potential of —80 mV.
Ca?* channel currents were corrected for leak and capacitative currents
by subtraction of an appropriately scaled current elicited by a hyper-
polarization from —80 mV to —90 mV. High-threshold Ca** channel
currents often ran up or down slowly for the first several minutes after
establishment of the whole-cell configuration. As much as possible,
currents were allowed to stabilize before drug applications. Because the
modulatory effects of neuroleptic agents were characterized by slow
onset (see Results), drugs were applied, in most cases, until steady state
block was achieved. In a few cases where this was not feasible, drugs
were applied for a minimum of 100 sec. All experiments were done at
21-25°. Statistics are given as mean + standard error.

Drugs. Chlorpromazine, fluphenazine, fluspirilene, pimozide, spi-
perone, quinpirole, and thioridazine were obtained from Research Bio-
chemicals (Natick, MA), w-Aga-IVA from Peptides International
(Louisville, KY), and all other drugs from Sigma. Stock solutions were
3 mM chlorpromazine, 3 mM thioridazine, 5 mM dopamine, 1 mM
quinpirole, 3 mM fluphenazine in water, 3 mM fluspirilene, 10 mM
haloperidol, 10 mM pimozide, 10 mM spiperone in DMSO, and 96 uM
w-Aga-IVA in external solution with 1 mg/ml cytochrome c. All drug
stocks were stored frozen and diluted into external solution on the day
of the experiment, except dopamine, which was made up fresh on the
day of the experiment.

Results

Dopamine antagonist inhibition of P-type channels in
Purkinje neurons. In Purkinje neurons, about 90% of the
high-threshold Ca** channel current is carried by P-type chan-
nels that are sensitive to the spider toxin w-Aga-IVA, with the
small remaining current being carried by a mixture of L-type
and N-type channels (6, 17, 29). We began by screening various
dopamine receptor antagonists at a concentration of 30 uM for
effects on the overall high-threshold current (Fig. 1).

Two phenothiazines, chlorpromazine (Fig. 1A) and thiori-
dazine (Fig. 1B), reversibly inhibited the high-threshold Ca**
channel current in Purkinje neurons. The potencies of the two
drugs were similar, with 30 uM thioridazine blocking current
by 70% and 30 uM chlorpromazine blocking current by 54%
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Fig. 1. Inhibition by dopamine receptor antagonists of
50-msec depolariza

10ms

control,
10 uM quinpirole

10ms

high-threshold Ca?* channel current in cerebellar Purkinje neurons. Currents were elicited by

tions from —80 mV to —10 mV, delivered every 5 sec. Currents in the presence of drug represent block at steady state using

this protocol.

(Table 1). The block by both drugs developed relatively slowly
(Fig. 2, A and B), requiring several minutes for maximal effects
(see Fig. 2, legend), and reversal was similarly slow. Fluphena-
zine, a piperazine neuroleptic agent, reversibly inhibited the
high-threshold Ca?** channel by 65% (Fig. 1C; Table 1) when
current was measured early in the depolarization, when current
in the presence of drug reached its peak. The diphenylbutylpi-
peridines fluspirilene and pimozide reversibly inhibited high-
threshold Ca?* channel current by 99% and 93%, respectively
(Fig. 1, D and E; Table 1). The two butyrophenones studied,
haloperidol (Fig. 1F) and spiperone (Fig. 1G), inhibited the
high-threshold Ca** channel current by an average of 54% and
34%, respectively (Table 1). Besides producing less block, halo-
peridol and spiperone acted and reversed faster than any of the
other neuroleptic agents tested, requiring about 30 sec for
maximal effects to develop and about 1 min for reversal.

All of the neuroleptic drugs altered the kinetics of the current
evoked by a 50-msec depolarization to —10 mV, inducing more

rapid decay. This effect was most prominent with fluphenazine
(Fig. 1C) but it was present to some degree with all of the drugs,
including partially blocking concentrations of fluspirilene (e.g.,
Fig. 6A). This behavior is consistent either with extra open
channel block or with acceleration of channel inactivation,
which is normally minimal in 50 msec at —10 mV. In either
case, the effect implies an interaction of the drugs with the
voltage-dependent gating of the channel.

Because the neuroleptic drugs are dopamine receptor antag-
onists, they might act on the channels indirectly, by effects on
dopamine receptors in the cells. This seems unlikely because
effects on Ca®>* channels mediated by transmitter receptors
usually vary greatly from cell to cell, whereas the effects of the
neuroleptic drugs were highly reproducible from one cell to
another. We tested directly for effects of dopamine receptors
using dopamine (50 uM) and the D, agonist quinpirole (10 uM),
neither of which had a significant effect (e.g., Figs. 1, H and I,
and 2, H and I) in any cell tested (n = 7 for dopamine, n =8
for quinpirole).
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TABLE 1

Inhibition of high-threshold calcium channel current by dopamine
receptor antagonists

The fraction of high-threshold current inhibited by neuroleptic drugs was measured
in two types of neurons. All drugs were applied at 30 um. Percentages represent
block at steady state and are given as mean + standard error, with the number of
cels in parentheses.

Inhibition
Purkinje Sympathetic
%

Phenothiazines

Chlorpromazine 54 + 14 (5) 50+9(7)

Thioridazine 70 + 14 (5) 81 +10(4)
Piperazines

Fluphenazine 63 £ 3(5) 66 + 14 (6)
Diphenyibutylpiperidines

Fluspirilene 99+ 1(11) 93+3(7)

Pimozide 93+3(9) 88 +3(8)
Butyrophenones

Haloperidol 54+4(8) 68 + 4 (6)

Spiperone 34+ 3(5) 50 + 4 (6)

Dopamine antagonist inhibition of N-type channels in
sympathetic neurons. The complete block of high-threshold
current by fluspirilene in Purkinje neurons suggests that flus-
pirilene must block N- and L-type Ca®* channel currents as
well as P-type channels in these neurons, because w-conotoxin-
and dihydropyridine-sensitive currents each comprise approx-
imately 5% of the total high-threshold current in these cells (3,
15, 27). To determine directly the effects of the neuroleptic
drugs on N-type channels, we examined freshly dissociated
sympathetic neurons from the superior cervical ganglion of
young rats (postnatal days 7-16), where N-type current com-
prises an average of 85-95% of the high-threshold Ca®* channel
current (3, 15). All of the neuroleptic agents inhibited the high-
threshold Ca?* channel current in sympathetic neurons. The
potency (Table 1) and kinetics of block were similar to those
seen in Purkinje neurons. Thioridazine (blocking by an average
of 81%) was somewhat more effective than chlorpromazine
(blocking by 50%). Fluphenazine produced an average block of
about two thirds, as in Purkinje neurons (Table 1). As in
Purkinje cells, fluspirilene (producing 93 + 3% block) was
slightly more effective than pimozide (producing 88 + 3%
block). As in Purkinje neurons, haloperidol was somewhat more
effective than spiperone in sympathetic neurons (Table 1);
haloperidol inhibited the current by 68 + 4% (n = 6), whereas
spiperone inhibited the current by 50 + 4% (n = 6). The onset
of block by the butyrophenones (25-35 sec for complete block)
was faster than for the other neuroleptic drugs (85-100 sec).
Recovery was relatively slow for all of the drugs (complete
recovery in 90-120 sec for chlorpormazine, haloperidol, and
spiperone and in 200-325 sec for thioridazine and fluphenazine,
with only partial recovery in >200-300 sec for fluspirilene and
pimozide).

Concentration-dependent block by fluspirilene and
thioridazine. We determined the concentration-response re-
lations for block of current in Purkinje neurons and sympa-
thetic neurons by fluspirilene and by thioridazine. In Purkinje
neurons (Fig. 3A), the concentration-response relation for flus-
pirilene was fit by the logistic equation with an ECs, of 6 uM
and a Hill coefficient of 2.4, and that for thioridazine was fit
with an ECy of 25 uM and a Hill coefficient of 2.5. The block
at concentrations of <3 uM is likely underestimated because it
is so slow; this would result in an overestimation of both the
ECs and the Hill coefficient.
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In sympathetic neurons (Fig. 3B) the ECs, values for fluspi-
rilene and thioridazine were 2 uM and 17 uM, respectively, with
slope factors of 2.3 and 1.7. Interestingly, whereas the ECs, for
fluspirilene was significantly lower for blocking the current in
sympathetic neurons, compared with Purkinje neurons, there
was more current left at 10 and 30 uM fluspirilene than pre-
dicted from the fitted dose-response curve, as if there is a small
fraction of current that is less sensitive to fluspirilene. This
may be connected to the greater variability and heterogeneity
of contribution by different Ca®>* channel types to the current
in sympathetic neurons.

Fluspirilene block of P-type channels in Purkinje neu-
rons. In additional experiments, we focused on fluspirilene,
because it was the most effective blocker of P-type and N-type
channels among the dopamine receptor antagonists we studied.
We studied block of high-threshold current in Purkinje neurons
because this is likely more homogeneous than the high-thresh-
old current in sympathetic neurons. Fig. 4 shows current-
voltage relations for current in a Purkinje neuron before and
after 30 uM fluspirilene, which eliminated the Ca?>* channel
current at all test potentials from —40 mV to +60 mV.

Some of the neuroleptic agents have calmodulin antagonist
properties (32). If fluspirilene were modulating P-type channels
via calmodulin, then the effect would be dependent on internal
Ca?*. This seems unlikely, because the 10 mM EGTA in the
internal solution would buffer intracellular Ca** to submicrom-
olar levels, below that needed for activation of calmodulin.
However, Ca?* binding by EGTA is relatively slow, and it is
possible to have Ca?* transients in the presence of EGTA. We
therefore conducted several experiments using 10 mM BAPTA
(internally), a faster Ca?* buffer, and saw no difference in Ca**
channel currents or the effects of fluspirilene. With 10 mm
BAPTA, fluspirilene inhibited the Ca** channel current com-
pletely (99 £ 0.5%; n = 4), just as with internal EGTA.

Like N-type channels, P-type channels can be inhibited by
neurotransmitter activation of G proteins. Stimulation of ~-
aminobutyric acid type B receptors in some Purkinje neurons
produces partial inhibition of the P-type current, and the effects
can be made irreversible by internally applied GTP+S, a poorly
hydrolyzable GTP analog (33), implying mediation by G pro-
teins. To test whether inhibition by fluspirilene involves G
proteins, we included GTP+S in the internal solution. There
was no effect on the ability of fluspirilene to inhibit the current
(92 £+ 1% block by 30 uM fluspirilene; n = 3), and the inhibition
reversed normally.

Cd** and other inorganic divalent and trivalent ions can
inhibit Ca®** channels, most likely by binding tightly to sites
within the channel pore that are intimately involved in per-
meation by Ca’* and Ba?*. Recovery from Cd** block is much
more rapid (Fig. 5A) than recovery from fluspirilene (Fig. 2D).
If fluspirilene bound to the same sites as Cd**, a saturating
concentration of Cd** might prevent fluspirilene binding. In
that case, after cumulative addition of the two blockers, the
reversal of block should be fast, as is characteristic of recovery
from Cd?**. However, this was not the case (n = 2), as shown in
Fig. 5A. An intial 100-sec application of 0.3 mM Cd?** alone
produced a rapid complete block of high-threshold Ca** channel
current, which reversed readily (complete recovery in 1 min).
When fluspirilene was added during the middle 90 sec of a 110-
sec Cd** application, the block reversed slowly (17% recovery
in 1 min), similar to recovery from fluspirilene alone. This
result shows that Cd** block does not prevent binding of
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Fig. 2. Time course of inhibition and recovery with dopamine receptor antagonists applied

to cerebellar Purkinje neurons. Solution changes were

complete in <1 sec. Currents were elicited by 50-msec depolarizations from —80 mV to —10 mV, delivered every 5 sec. Currents were measured

at the time of peak current in the presence of drug.

Typical examples are shown. Collected results for the time (in sec) required for development (at

30 uwm) are as follows: chiorpromazine, 66 + 16 (n = 5); thioridazine, 119 + 25 (n = 4); fluphenazine, 134 + 36 (n = 4); fluspirilene, 75 £ 6 (n = 6);

pimozide, 106 + 11 (n = 9);

27 + 3 (n = 8); spiperone, 38 + 4 (n = 5). Time (in sec) required for reversal was as follows

haloperidol, : chiorpromazine,
104 + 21 (n = 4); thioridazine, 178(n-2).f|uphenazine 100 + 35 (n = 3); fluspirilene, 390 (n = 2) for ~90% recovery; pimozide, 300 (n = 2) for

~75% recovery; haloperidol, 75 (n = 2); spiperone, 55 (n = 1).

fluspirilene, and it suggests that the two blockers bind to
different sites on the P-type Ca?* channel.

We tested similarly for an interaction between fluspirilene
and the spider toxin w-Aga-IVA for blocking P-type channels.
w-Aga-IVA blocks P-type Ca®>* channels specifically and po-
tently, acting from the external side of the channel (6). Block
by w-Aga-IVA can be relieved within seconds by application of
a series of large depolarizations. If w-Aga-IVA and fluspirilene
bind to the same site on the P-type Ca?* channel, then bound

w-Aga-IVA would prevent the subsequent binding of fluspiri-
lene. Applying a series of depolarizing steps would result in a
rapid alleviation of block, as is characteristic of the recovery
from w-Aga-IVA inhibition. Fig. 5B illustrates the results of
this experiment. An initial 200-sec application of 200 nM -
Aga-IVA produced an 87% inhibition of the high-threshold
Ca®* channel current. This block was relieved by 66% by a
series of 60 depolarizations (60 msec each) to +70 mV at 1 Hz.
When fluspirilene was added during the last 100 sec of a 200-
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Fig. 3. Dose-dependent inhibition of high-threshold Ca?* channel current
ncerebeﬂaerkhjeandsympameﬁcneumsbyﬂusp&'mmum
dazine. Fifty-millisecond depolarizations from —80 mV to —10 mV were
delivered every 5 sec. Currents were measured after about 100 sec of
drug application. Each point represents the mean + standard error for
3-11 cells. Smooth curves, best fits to the equation 1/(1 + ([drug]/
ECsd)"). A, Purkinje neurons. For fluspirilene, ECs = 6.1 um andn = 2.4.
For thioridazine, ECso = 25 um and n = 2.5. B, Superior cervical

(SCG) neurons. For fluspirilene, ECs, = 2.4 um and n = 2.3. For
thioridazine, ECso = 17 um and n = 1.7.

sec exposure to w-Aga-IVA, the depolarizing train no longer
produced a relief of block. In three experiments, there was <56%
recovery as a result of 60-90 depolarizations to +70 mV after
addition of fluspirilene during the application of w-Aga-IVA.
This result suggests that w-Aga-IVA and fluspirilene bind to
distinct sites on the P-type Ca®* channel.

Fluspirilene block of P-type current was modulated by the
voltage protocol used to elicit current. Block was enhanced by
depolarized holding potentials, as shown in Fig. 6. In this
experiment, 7 uM fluspirilene was applied while P-type current
was monitored with short infrequent test pulses (3-msec depo-
larizations to —10 mV every 20 sec). This minimized block by
fluspirilene. When the inhibition reached steady state, current
was elicited by a longer, 50-msec depolarization to —10 mV
(Fig. 6A), and the holding potential was then changed to —40
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Fig. 4. Curent-voltage relationship for block of high-threshold Ca?*

Block by &Jspkilene was complete at all test potentials between —40
and +60 mV.

mV for 10 sec, followed by another 50-msec test pulse to —10
mV. Block by fluspirilene was potentiated at the holding poten-
tial of —40 mV, compared with that at =80 mV. In controls,
the holding potential of —40 mV reduced current by 21 + 1%
(n = 3). Fluspirilene at 7 uM reduced current elicited from —80
mV by only 7 + 9% and reduced current elicited from —40 mV
by 31 + 8%.

Fluspirilene block was also potentiated by faster stimulation
rates. Fig. 7 shows the effect of the rate of stimulation. In
controls, the current elicited by 50-msec steps to —10 mV
showed little dependence on the rate of stimulation in the range
of 0.03-0.33 Hz. However, changing the stimulation rate from
0.03 Hz to 0.33 Hz dramatically enhanced inhibition by flus-
pirilene.

Inhibition of high-threshold Ca** channels in hippo-
campal neurons. The results so far show that fluspirilene is
an effective blocker of both P-type and N-type Ca?* channels,
and previous studies have shown that it can block both T-type
and L-type Ca’* channels as well (21-24). Some central neu-
rons, including hippocampal CA3 neurons, spinal cord inter-
neurons, and cerebral cortical neurons, have components of
high-threshold Ca?* channel current that are resistant to block-
ers of L-type, N-type, and P-type channels and are still unclas-
sified (6, 33). We tested the effect of fluspirilene on such current
in hippocampal CA3 neurons, as shown in Fig. 8. The current
in a CA3 neuron was blocked by the cumulative addition of w-
conotoxin GVIA, nimodipine, w-Aga-IVA, and fluspirilene. w-
Contoxin GVIA at 3 uM inhibited about 20% of the high-
threshold current, 3 uM nimodipine inhibited another 20% of
the current, and 200 nM w-Aga-IVA had no effect, as was
previously found in about half of the CA3 neurons tested (6).
The current remaining in these blockers was then completely
inhibited by 30 uM fluspirilene. In three CA3 neurons, the
combined application of 3 uM w-conotoxin GVIA, 3 uM nimo-
dipine, and 200 nM w-Aga-IVA inhibited 53 + 7% of the overall
high-threshold current, and 30 uM fluspirilene completely in-
hibited the remaining inward current.
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Fig. 5. Lack of effect of Cd** and «w-Aga-IVA on recovery from block of
high-threshold Ca?* channel current by fluspirilene in cerebellar Purkinje
neurons. Currents were elicited by 50-msec depolarizations from —80
mV to —~10 mV, delivered every 5 sec. A, Recovery of current after
appilication of Cd** (0.3 mm) alone is rapid, being complete within 1 min.
Bhdngofﬂuspﬂene(aouu)wasnotpravemedbythepmiwsand
simultaneous presence of Cd?*, as evidenced by the slow recovery from
block. B, Recovery of current after application of w-Aga-IVA (IVA) (200
nu)israpidifabustofGO—msecstepsﬁun-&OthoHOmVaM
Hz is applied. In this cell, about two thirds of the block was relieved after
such a burst. Binding of fluspirilene (30 um) was not prevented by the
previous and simultaneous presence of w-Aga-IVA, as evidenced by the
lack of recovery from block after a burst of depolarizations.

Discussion

These results show that both P-type Ca®>* channels and N-
type Ca®* channels can be inhibited by a variety of neuroleptic
drugs, including phenothiazines, piperazines, diphenylbutylpi-
peridines, and butyrophenones. Previous studies have shown
block by these agents of identified T-type channels (23, 24),
identified L-type channels in skeletal (21) and cardiac (22)
muscle, and unresolved mixtures of high-threshold currents in
cell lines of neural origin (24). We made use of the predomi-
nance of P-type channels in freshly isolated Purkinje neurons
and of N-type channels in freshly isolated sympathetic neurons
to study the effects of the drugs on relatively homogeneous

populations of these channels. In Purkinje cells, 85-100% of
the current is inhibited by the P-type channel toxin w-Aga-IVA
(6). Thus, block of overall high-threshold current in Purkinje
neurons can be interpreted as reflecting the actions of the drugs
on P-type channels. The small currents remaining in the pres-
ence of w-Aga-IVA were also blocked by 30 uM fluspirilene (Fig.
5B), consistent with the other evidence for its ability to block
the small N-type and L-type currents also present in Purkinje
cells. Although some Purkinje neurons possess T-type current
(29), it was not evident in the cells under the conditions in
which we studied them. In the freshly isolated superior cervical
ganglion neurons we used, 65-95% of the current is carried by
w-contoxin GVIA-sensitive N-type channels (6, 17, 28), with
variable contributions by L-type current and an unidentified
current resistant to dihydropyridines, w-conotoxin GVIA, and
w-Aga IVA.? There was no T-type current in the cells we used.
The effects of the drugs on the overall high-threshold current
in the sympathetic neurons clearly reflect mainly effects on N-
type current, but other channels may contribute significantly
in individual cells. The fraction of current with a lower sensi-
tivity to fluspirilene (Fig. 3B) might come from other channel
types.

Previous studies have identified the diphenylbutylpiperidines
as unique among the neuroleptic drugs in producing block of
both T-type and L-type Ca?* channels (21-24) at submicrom-
olar levels, and there are high affinity binding sites for diphen-
ylbutylpiperidines on L-type channels (34, 35). Our results with
P-type and N-type channels also identify the diphenylbutylpi-
peridines as the most effective Ca?* channel blockers among
the neuroleptic drugs. Fluspirilene was the most potent of the
drugs we tested, with ECs, values (at a negative holding poten-
tial, with a low stimulation rate) of 6 uM for P-type channels
and 2 uM for N-type channels.

Fluspirilene block of P-type channels was enhanced by de-
polarized holding potentials (that produced partial inactivation
under control conditions) and by more frequent depolarizing
pulses. Enyeart et al. (22-24) previously found similar effects
for diphenylbutylpiperidine block of both T-type channels and
L-type channels. These effects suggest that, for diphenylbutyl-
piperidine block of all of these channel types, drug binding is
tighter to the open or inactivated states of the channel than to
the resting state. It is hard to distinguish whether it is drug
binding to open channels or to inactivated channels that is
more important, because it is difficult or impossible to put
channels purely in the open state or the inactivated state.

Block of N-type and P-type Ca?* channels by diphenylbutyl-
piperidines seems somewhat weaker than block of L-type and
T-type channels. Enyeart et al. (24) found that fluspirilene at
1 uM inhibited T-type current in the thyroid C cell line by
>90%, implying significantly greater potency than the ECs
values of 2 uM and 6 uM that we estimate for N-type and P-
type channels, respectively. However, in the GH; anterior pi-
tuitary cell line, T-type channels were about one-half blocked
by 2 uM fluspirilene (23), similar to its potency on N-type
channels. Pimozide at 200 nM blocked cardiac L-type current
by about one half when applied from a holding potential of —80
mV (22), suggesting a much greater potency than for N-type or
P-type currents tested under similar voltage protocols. Even
more potent effects of diphenylbutylpiperidines on skeletal

?L. M. Boland, 1. M. Mintz, J. Morrill, and B. P. Bean, unpublished observa-
tions.
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r Fig. 6. Voge of fluspirilene block of high-

threshold Ca** channel current in cerebellar Purkinje neu-
rons. Current was elicited by a 50-msec depolarization to
—10 mV delivered from a holding potential of ~80 mV (A) or

W
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800 - 0.03 Hz 7 uM fluspirilene
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Fig. 7. Frequency dependence of inhibition of high-threshold Ca* chan-
nel current by fluspirilene in cerebellar Purkinje neurons. Cumrent was
elicited every 3, 5, or 30 sec with 50-msec depolarizations to —10 mV
from a hoiding potential of —80 mV. In control solution, depolarizing

was then reduced to 0.03 Hz, atmd?mfluspirilenewasapplied
to the cell. This resulted in a steady state inhibition of 74%. When the

muscle L-type current have been reported (21). The high po-
tency block of L-type currents by diphenylbutylpiperidines is
consistent with their ability to bind to L-type channels with
nanomolar affinity in biochemical experiments (34, 35).

In comparison with the diphenylbutylpiperidines, the other
classes of neuroleptic drugs show both less potent block of
calcium channels and less selectivity among the different types
of calcium channels. Phenothiazines have previously been
shown to interact with L-type Ca?* channels (36, 37). In our
experiments, chlorpromazine inhibited P-type and N-type cal-
cium channels with similar potencies (one-half block by 30 uM),
as previously found by Ogata and Narahashi (38) for both low-
threshold (ECs ~ 15 uM) and high-threshold (ECys ~ 15 uM)
Ca?* channels in N1E-115 neuroblastoma cells. Chlorproma-
zine inhibition of all of these Ca’* channel types is somewhat
weaker than that of voltage-dependent Na* channels (ECs ~
2.5 uM) (39) and comparable to that of delayed rectifier K*
channels in epithelial cells (ECs ~ 30 uM) (40). Apparently,

after the holding potential was changed to —40 mV for 10
sec (B). Fluspirilene (7 um) was applied at a holding potential
of —80 mV, whereas current was elicited every 20 sec with
short (3-msec) depolarizations to —10 mV; after 2 min, the
effects of fluspirilene reached steady state and the records
shown were obtained. Tail currents were truncated to save
space.

+ 30 uM fluspirilene N

+200 nM
“~ »-Aga-IVA

+ 3 uM nimod
+ 3 uM CgTx
control

200 pA

10ms

Flg 8. Fmspﬁeneblockofuﬂentre&tamtow-m-IVA w-conotoxin,

in hippocampal CA3 neurons. Currents were elicited by
So-msecdepolaﬂzaﬁonsm—QOtho-me delivered every 5
sec. Drugs were applied cumulatively in the following order: 3 uM -
conotoxin (CgTx), 3 um nimodipine (nimod), 200 nm w-Aga-iVA, and 30
um fluspirilene.

chlorpromazine interacts with all types of voltage-activated
channels. Interaction with the gating machinery of the channels
is suggested by the voltage-dependent and use-dependent block
seen for Na* channels (39) and low-threshold Ca** channels
(38) and by the speeding of the decay seen for high-threshold
Ca?* current in neuroblastoma cells (38), delayed rectifier K*
channels (40), and P-type Ca?** channels (Fig. 1). The depend-
ence on gating state makes it hard to define the blocking affinity
of chlorpromazine for each type of channel; it is interesting
that block is most potent for the channels with the most
pronounced inactivation (Na* channels and T-type Ca?* chan-
nels) when studied at holding potentials that partially inacti-
vate the channels. Similar conclusions apply to the butyrophe-
none haloperidol. The 50-70% block of P-type and N-type
channels with 30 uM haloperidol is comparable to the ECy of
36 uM estimated for overall Ca?* current in neuroblastoma cells
(41), and Na* and K* channels are blocked with somewhat
higher potency (ECs, values of 5 and 14 uM, respectively) (41).
The potency for haloperidol block of T-type Ca?* channels in
a neural crest-derived cell line is also in this range (24).

It has previously been suggested that diphenylbutylpiperidine
binding to L-type and T-type channels could occur at clinically
relevant concentrations (24, 34), whereas our results suggest
that considerably higher concentrations are needed to block N-
type or P-type Ca’* channels. The functions of L-type and T-
type channels in brain neurons are not yet clearly understood.
Other potent L-type channel blockers, including the dihydro-
pyridines, have remarkably little effect on the normal function
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of the nervous system. The consequences of inhibiting various
subtypes of T-type channels in the brain are also not well
understood (see Refs. 14 and 42). Whatever the effects of
clinical concentrations of diphenylbutylpiperidines on L-type
and T-type channels in the brain, the relative weakness of
block of P-type and N-type channels is probably significant for
the clinical utility of these agents. N-type and P-type Ca®*
channels may well be involved in normal synaptic transmission
in many brain regions (e.g., Refs. 25-27), so the weak effects of
the neuroleptic drugs may help ensure that normal brain func-
tion is maintained while higher order processes are selectively
affected.
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