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Abstract

The effects of clozapine on the activities of nicotinic acetylcholine receptors (nAChRs) and voltage-sensitive calcium channels (VSCCs)
were investigated and compared with those of chlorpromazine (CPZ) in bovine adrenal chromaffin cells. [3H]Norepinephrine ([3H]NE)
secretion induced by activation of nAChRs was inhibited by clozapine and CPZ with half-maximal inhibitory concentrations (IC50) of 10.46
1.1 and 3.96 0.2 mM, respectively. Both cytosolic calcium increase and inward current in the absence of extracellular calcium induced by
nicotinic stimulation were also inhibited by clozapine and CPZ, but the greater inhibition was achieved by CPZ. In addition, [3H]nicotine
binding to chromaffin cells was inhibited by clozapine and CPZ withIC50 values of approximately 19 and 2mM, respectively. On the other
hand, [3H]NE secretion induced by high K1 was inhibited by clozapine and CPZ with similarIC50 values of 15.56 3.8 and 17.16 3.9mM,
respectively. Our results suggest that clozapine, as well as CPZ, inhibits nAChRs and VSCCs, thereby causing inhibition of catecholamine
secretion, and that clozapine is much less potent than CPZ in inhibiting nAChRs. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction

The dopamine hypothesis of schizophrenia proposes that
schizophrenia results from too much dopaminergic activity
and that the antipsychotic drugs used act by blocking do-
pamine receptors in the nervous system. The strongest ev-
idence of the dopamine hypothesis is that classical antipsy-
chotic drugs such as CPZ and haloperidol bind and block
dopamine D2 receptors in a way that is directly related to
their clinical antipsychotic potencies [1]. The report that the
number of D2 or D2-like receptors is elevated in post-
mortem schizophrenia brain tissue [2] supports the dopa-
mine hypothesis. However, the dopamine hypothesis of

schizophrenia is profoundly challenged by the atypical an-
tipsychotic drug clozapine.

Clozapine is a neuroleptic agent that is structurally dif-
ferent from CPZ, a phenothiazine with two benzene rings
linked by a sulfur and a nitrogen atom. Clozapine consists of
a dibenzodiazepine derivative with a piperazinyl side chain.
It has been classified as an atypical neuroleptic drug due to
its unique neuropharmacological profile (for review see
[3]). Clozapine has been useful in treatment-resistant pa-
tients and in treating the negative symptoms of schizophre-
nia, while it has a high affinity for D4 receptors rather than
D2 receptors [4]. In addition, in some patients treated with
typical antipsychotics, the therapeutic response was still
poor despite D2 receptor blockage. On the other hand, all
patients treated with clozapine showed significant clinical
improvement with a lower level of D2 receptor blockage [5].

In addition to dopamine receptors, many membrane pro-
teins, such as voltage-sensitive Ca21, Na1, and K1 chan-
nels, have been reported to be inhibited by rather high
concentrations of many classical antipsychotics [6–10]. We
recently reported that CPZ inhibited nAChRs and L-type
VSCCs, thereby causing inhibition of catecholamine secre-
tion in rat pheochromocytoma cells [11]. In contrast to the

* Corresponding author. Tel.:182-562-279-2297; fax:182-562-279-
2199.

E-mail address:ktk@postech.ac.kr (K.-T. Kim).
Abbreviations:CPZ, chlorpromazine; nAChR, nicotinic acetylcholine

receptor; VSCC, voltage-sensitive calcium channel; DMPP, 1,1-dimethyl-
4-phenylpiperazinium iodide; SBFI, sodium-binding benzofuran isophtha-
late; [3H]NE, [3H]norepinephrine; DMEM/F-12, Dulbecco’s modified Ea-
gle’s medium/F-12; [Ca21]i, cytosolic free Ca21 concentration; [Na1]i,
cytosolic free Na1 concentration; and EPS, extrapyramidal side effects.

Biochemical Pharmacology 61 (2001) 1011–1019

0006-2952/01/$ – see front matter © 2001 Elsevier Science Inc. All rights reserved.
PII: S0006-2952(01)00577-9



extensive studies of classical antipsychotics with regard to
their inhibitory effects on neurotransmitter release and the
activity of ion channels and nAChRs, little attention has
been given to the action of clozapine. Indeed, comparative
studies of classical and atypical antipsychotics might pro-
vide a clue toward an understanding of the clinical efficacy
of clozapine and the side effects caused by classical antip-
sychotics. Furthermore, investigation of the effect of cloza-
pine on catecholamine secretion and ion fluxes and com-
parison with the inhibitory effects induced by CPZ are
necessary to understand the clinical efficacy and physiolog-
ical effects of clozapine. Adrenal chromaffin cells have been
widely used as a model system by which to investigate the
mechanism of neurosecretion [12–14]. Both nicotinic cho-
linergic agonists and high K1 have been extensively used to
investigate the mechanisms of calcium increase and cate-
cholamine secretion induced by activation of nAChRs and
VSCCs [14,15]. By using the well-established model sys-
tem, we investigated the effect of clozapine on catechol-
amine secretion and ion fluxes induced by the activation of
nAChRs and VSCCs. Our results suggest that clozapine
inhibits nAChRs and VSCCs, leading to the subsequent
inhibition of calcium increase and catecholamine secretion.
Furthermore, clozapine was much less potent than CPZ in
the inhibition of nAChRs.

2. Materials and methods

2.1. Materials

Clozapine, CPZ, and DMPP were purchased from
Sigma. Fura-2/acetoxymethylester, SBFI/acetoxymethyl-
ester, and Pluronic F-127 were obtained from Molecular
Probes, Inc. [3H]NE and [3H]nicotine were purchased from
NEN Life Science Products.

2.2. Chromaffin cell preparation

Chromaffin cells were isolated from bovine adrenal me-
dulla by two-step collagenase digestion as previously de-
scribed [12]. For measurement of [3H]NE secretion and the
[3H]nicotine binding assay, cells were plated in 24-well
plates at a density of 53 105 cells per well. Chromaffin
cells transferred to 100-mm culture dishes (13 107 cells per
dish) were used to measure cytosolic free calcium and
sodium concentrations. The cells were maintained in
DMEM/F-12 (Life Technologies, Inc.) containing 10% bo-
vine calf serum (HyClone) and 1% antibiotics (Life Tech-
nologies, Inc.). Chromaffin cells were incubated in a hu-
midified atmosphere of 5% CO2/95% air at 37° for 3–7 days
before use.

2.3. Measurement of [3H]NE secretion

Catecholamine secretion from chromaffin cells was mea-
sured in 24-well plates following the method reported by

Parket al. [14]. In brief, cells were loaded with [3H]NE (1
mCi/mL; 68 pmol/mL) by incubation in DMEM/F-12 con-
taining 0.01% ascorbic acid for 1 hr at 37° in 5% CO2/95%
air. The cells were washed twice with Ca21-free Locke’s
solution and then incubated in Locke’s solution (154 mM
NaCl, 5.6 mM KCl, 5.6 mM glucose, 1 mM CaCl2, 1 mM
MgCl2, and 5 mM HEPES buffer adjusted to pH 7.4) for 15
min to stabilize them. Then, the cells were incubated with
Locke’s solution for 10 min to measure basal secretion. The
cells were subsequently stimulated with the drugs under test
for 10 min. After the incubation, the medium was removed
from each well and transferred to a scintillation vial. Fi-
nally, residual catecholamine in the cells was extracted by
addition of 10% trichloroacetic acid, and the extract was
transferred to a scintillation vial. The radioactivity in each
vial was measured with a scintillation counter. The amount
of [3H]NE secreted was calculated as a percentage of total
[3H]NE content. Net stimulated secretion was obtained by
subtracting the basal from the stimulated secretion. In order
to measure the effect of the antipsychotic drug treatment,
the drug was added to the medium before measurement of
both basal and stimulated secretion.

2.4. [Ca21] i measurement

[Ca21]i was determined with the help of the fluorescent
Ca21 indicator fura-2 as reported previously [16]. Briefly,
the chromaffin cell suspension was incubated with fresh
serum-free DMEM/F-12 medium containing fura-2/AM (3
mM) for 40 min at 37° with continuous stirring. The cells
were then washed with Locke’s solution and left at room
temperature until use. Sulfinpyrazone (250mM) was added
to all solutions to prevent dye leakage [17]. Addition of
sulfinpyrazone caused a small (less than 10%) potentiation
in the peak level of cytosolic calcium elevation induced by
DMPP or high K1 treatment (data not shown). Neverthe-
less, the inhibitory effect of clozapine and chlorpromazine
was similar in the absence or presence of sulfinpyrazone in
experimental solutions (data not shown). Fluorescence ra-
tios were measured by an alternative wavelength time scan-
ning method (dual excitation at 340 and 380 nm; emission
at 500 nm). Calibration of the fluorescent signal in terms of
[Ca21]i was performed at the end of each experiment as
described by Grynkiewiczet al. [18]. [Ca21]i was calcu-
lated using the equation

[Ca21] i 5 Kd[R 2 Rmin)/(Rmax 2 R)](Sf2/Sb2)

where Rmin is the fluorescence ratio obtained when Ca21 is
chelated by successive addition of 4 mM EGTA, 30 mM
Trizma base, and 0.1% Triton X-100. Then, Rmax was ob-
tained by adding 4 mM CaCl2 to saturate fura-2. Sf2 and Sb2

are the proportionality coefficients of free fura-2 and Ca21-
saturated fura-2, respectively.
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2.5. Electrophysiological recording

Whole-cell patch-clamp recordings were performed to
measure inward current through nAChRs at room tempera-
ture with an Axopatch 200B amplifier (Axon Instruments)
and Digidata 1200 interface as described previously [19],
with some modifications. Isolated chromaffin cells were
plated on glass coverslips and incubated for 1–2 days at 37°
under a 5% CO2-containing atmosphere. The pipettes were
fire-polished and had a final resistance of 3–4 MV. The bath
solution for whole-cell recordings had the following com-
position (in mM): 156.2 NaCl, 5.6 KCl, 10 glucose, 5
HEPES, pH 7.4 with NaOH. An internal solution of the
following composition was used (in mM): 140 CsCl, 1
MgCl2, 3 EGTA, 10 HEPES, pH 7.4 with CsOH. Currents
were filtered on line at 2–10 kHz, sampled at 2–5 kHz, and
collected on an IBM-compatible computer using the
pClamp6 program. Unless specified, the holding potential
was2100 mV. All values are given as means6 SEM.

2.6. Inhibition of [3H]nicotine binding

Binding of [3H]nicotine to intact cells was measured as
previously described by Parket al. [14]. Intact chromaffin
cells in 24-well plates (53 105 cells/well) were washed
twice with Locke’s solution and incubated with 20 nM
[3H]nicotine and the indicated concentrations of antipsy-
chotic drugs for 40 min at 25°. Then, the cells were washed
three times with 1 mL ice-cold Ca21-free Locke’s solution
containing 100mM EGTA. Finally, the cells were lysed by
being scraped into 0.5 mL 5% trichloroacetic acid, and the
radioactivity was measured by liquid scintillation counting.
Non-specific binding, determined by coincubation with 1
mM nicotine, amounted to less than 20% of total binding,
and was routinely subtracted from the total binding. The
binding data were analyzed and expressed as percentage of
specific binding.

2.7. Statistical analysis

All quantitative data were expressed as means6 SEM.
IC50 values were calculated with the Microcal Origin for
Windows program.

3. Results

3.1. Inhibitory effects of clozapine and CPZ on DMPP-
induced [3H]NE secretion

In order to study the effect of clozapine on catechol-
amine secretion, [3H]NE-loaded chromaffin cells were
treated with clozapine. Clozapine (up to 100mM) by itself
did not induce significant [3H]NE secretion (data not
shown). DMPP, a well-known activator of nAChRs [14,15,
20–22], induced [3H]NE secretion by 17.26 2.4% of the

total endogenous content. Clozapine decreased DMPP-in-
duced [3H]NE secretion in a concentration-dependent man-
ner, with a half-maximal inhibitory concentration (IC50) of
10.4 6 1.1 mM (Fig. 1). Clozapine at a 100-mM concen-
tration completely blocked DMPP-induced [3H]NE secre-
tion. CPZ also inhibited DMPP-induced [3H]NE secretion
in a concentration-dependent manner with anIC50 of 3.9 6
0.2 mM, which is lower than that of clozapine. In addition,
CPZ completely inhibited the DMPP-induced response at a
concentration of 30mM. These results suggest that although
clozapine and CPZ both inhibit DMPP-induced [3H]NE
secretion, clozapine is less potent in this inhibition.

3.2. Inhibitory effects of clozapine and CPZ on DMPP-
induced [Ca21] i elevation

Since an increase in [Ca21]i is an essential step in cate-
cholamine secretion, we tested the effect of the two antip-
sychotics on the DMPP-induced [Ca21]i rise. Clozapine and
CPZ (up to 100mM) had no effect on the basal [Ca21]i (data
not shown). DMPP induced a rapid increase in [Ca21]i (Fig.
2A), and this increase could be inhibited by clozapine in a
concentration-dependent manner with anIC50 of 9.0 6 0.9
mM (Fig. 2B). CPZ also inhibited the DMPP-induced
[Ca21]i rise with anIC50 of 3.0 6 1.7 mM, suggesting that
CPZ is the more potent inhibitor. As seen in Fig. 2A, the
inhibitory effect of 3mM clozapine was much less potent
than that induced by 3mM CPZ.

Fig. 1. Inhibitory effects of clozapine and CPZ on DMPP-induced cate-
cholamine secretion by chromaffin cells. [3H]NE-loaded chromaffin cells
were treated with 10mM DMPP in the presence of the indicated concen-
trations of the antipsychotics. The secreted [3H]NE was measured in
triplicate as described under Materials and Methods and is expressed as a
percentage of the averaged DMPP-induced [3H]NE secretion in the ab-
sence of antipsychotics. Such triplicate unpaired experiments were done
independently five times from more than two different cell preparations.
Data are means6 SEM (bars) values.
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3.3. Inhibitory effects of clozapine and CPZ on inward
current through nAChRs

Because it is well known that DMPP-induced catechol-
amine secretion and calcium increase require a prior in-
crease in [Na1]i through nAChR [14,15], we first tested the
effect of clozapine and CPZ on the DMPP-induced [Na1]i

rise by using the Na1-sensitive fluorescent dye SBFI. Clo-
zapine and CPZ inhibited the DMPP-induced [Na1]i in-
crease with anIC50 of 1.8 6 0.1 and 0.56 0.1 mM,

respectively. TheIC50 values obtained from SBFI-loaded
cells were much lower than those from measurements of
[3H]NE secretion and calcium increase. Since the basal
level of the fluorescence ratio in SBFI-loaded cells were
decreased immediately by the addition of high concentra-
tions of clozapine and CPZ (data not shown), the shift inIC50

may have been caused by quenching of SBFI fluorescence
by clozapine and CPZ. In order to assess more clearly the
effect of the antipsychotics on sodium influx through
nAChRs, we performed whole-cell patch clamp experi-

Fig. 2. Inhibitory effects of clozapine and CPZ on DMPP-induced [Ca21]i elevation in chromaffin cells. (A) Fura-2-loaded chromaffin cells were treated with
10 mM DMPP in the absence (trace a) or presence of 3mM clozapine (trace b) and CPZ (trace c). The experiments were performed independently 5 times
and typical Ca21 transients are presented. (B) Fura-2-loaded chromaffin cells were treated with 10mM DMPP in the presence of the indicated concentrations
of antipsychotics. The peak height of each stimulation was measured and is expressed as a percentage of the control peak height achieved by DMPP alone.
The unpaired experiments were done separately six times from more than two different cell preparations. Data are means6 SEM (bars) values.
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ments and investigated the effect of clozapine and CPZ on
the nAChR-mediated sodium current in the absence of ex-
tracellular calcium. As shown in Fig. 3, A and B, DMPP
elicited an inward current, with this current declining after
reaching a peak level in the continued presence of DMPP.
The nicotinic current was inhibited by 30mM clozapine and

CPZ to 29.26 8.1% (N5 4) and 7.56 2.7% (N5 5) of
the control, respectively. Whereas clozapine had little in-
hibitory effect at 3mM (100.06 8.2%, N5 5), CPZ at 3
mM significantly inhibited the DMPP-induced current
(70.3 6 7.7%, N 5 5). The nAChR-mediated current–
voltage relationship in the absence or presence of antipsy-

Fig. 3. Inhibitory effects of clozapine and CPZ on DMPP-induced inward current in chromaffin cells. The whole-cell configuration of the patch clamp
technique was established in single isolated chromaffin cells after 2–3 days of culture. The membrane potential was held at2100 mV. The superfused cells
were challenged with 10mM DMPP for 2 min. After washing for 10 min, the cells were first treated with 3 or 30mM clozapine (CLZ) or CPZ for 3 min
and then stimulated with 10mM DMPP in the presence of the indicated concentrations of the antipsychotic drug. The cells were washed again for 20 min
and stimulated with DMPP to confirm the recovery. The experiments were performed 4–5 times independently, and typical current traces (A) and statistical
analyses (B) of the inhibition of peak current by clozapine and CPZ are presented. (C) and (D) Effects of clozapine and CPZ on current–voltage relationship
of nAChRs. The cells were treated with 10mM DMPP in the presence of the indicated concentration of clozapine or CPZ, then ramp pulse protocol was
applied from2120 to 10 mV for 360 msec at the time of peak. The experiments were performed 4–5 times independently, and typical current traces are
presented.
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chotics was accomplished by applying a ramp pulse from
2120 to 10 mV for 360 msec at the time of peak. As can be
seen in Fig. 3, C and D, there was no apparent shift in the
voltage dependence of the current in response to clozapine
and CPZ. Furthermore, the inhibitory effects of the two
antipsychotics were often reversible, although it took as
much as 20 min to wash clozapine completely (data not
shown).

3.4. Inhibitory effects of clozapine and CPZ on
[3H]nicotine binding

Because both calcium increase and inward current in-
duced by nicotinic stimulation could be inhibited by cloza-
pine and CPZ, it was possible that the two antipsychotics
directly inhibited nAChRs. We therefore performed an
nAChR binding competition analysis between [3H]nicotine
and the antipsychotics. As shown in Fig. 4, both clozapine
and CPZ inhibited [3H]nicotine binding, and the inhibition
by CPZ was more potent. TheIC50 values for clozapine and
CPZ were 19.16 4.8 and 2.06 2.0 mM, respectively. The
results suggest that inhibition of [3H]nicotine binding by
clozapine and CPZ indeed causes the inhibition of DMPP-
induced [Na1]i and [Ca21]i increases and catecholamine
secretion. In addition, the more potent CPZ inhibition of
[3H]nicotine binding contributes to a stronger inhibition of
the DMPP-induced response.

3.5. Inhibitory effects of clozapine and CPZ on high K1-
induced catecholamine secretion

In addition to their effects on the nAChR-mediated sig-
naling pathway, the effects of clozapine and CPZ on high

K1-induced responses were also investigated. Clozapine
inhibited 50 mM K1-induced [3H]NE secretion in a con-
centration-dependent manner, with anIC50 of 15.5 6 3.8
mM (Fig. 5). In contrast to its effects on the DMPP-induced
responses, clozapine at 100mM did not completely block
high K1-induced [3H]NE secretion. Interestingly, CPZ in-
hibited high K1-induced [3H]NE secretion with a similar
IC50 of 17.1 6 3.9 mM. These results suggest that both
clozapine and CPZ inhibit high K1-induced catecholamine
secretion with similar potency.

3.6. Inhibitory effects of clozapine and CPZ on high K1-
induced [Ca21] i rise

We also tested the effect of the two antipsychotics on
high K1-induced [Ca21]i rise. K1 at 50 mM induced a rapid
increase in [Ca21]i (Fig. 6A), and this increase was nearly
completely blocked by omitting extracellular Ca21 (data not
shown), suggesting that high K1-induced Ca21 elevation is
caused by VSCC activation. The result is in good agreement
with previous reports in which VSCCs played a major role
in high K1-induced Ca21 elevation [23,24]. The calcium
increase induced by 50 mM K1 was inhibited by clozapine
in a concentration-dependent manner, with anIC50 of 54.86
6.0 mM (Fig. 6B). CPZ also inhibited DMPP-induced
[Ca21]i rise, but with anIC50 of 23.86 2.4 mM, suggesting
that CPZ is a slightly more potent inhibitor. The inhibitory
effects induced by treatment with 3mM of clozapine and
CPZ were almost negligible (Fig. 6A), suggesting that these

Fig. 4. Competition between antipsychotics and [3H]nicotine for binding to
the nAChR. Chromaffin cells were incubated with 20 nM [3H]nicotine and
various concentrations of clozapine or CPZ for 40 min at 25°. Specific
binding of [3H]nicotine is presented. Non-specific binding was determined
in the presence of 1 mM unlabeled nicotine. Triplicate unpaired experi-
ments were done independently three times from more than two different
cell preparations. Data are means6 SEM (bars) values.

Fig. 5. Inhibitory effect of clozapine and CPZ on DMPP-induced catechol-
amine secretion by chromaffin cells. [3H]NE-loaded chromaffin cells were
treated with 50 mM K1 in the presence of the indicated concentrations of
antipsychotics. The secreted [3H]NE was measured in triplicate as de-
scribed under Materials and Methods and is expressed as a percentage of
the averaged DMPP-induced [3H]NE secretion in the absence of antipsy-
chotics. Such triplicate unpaired experiments were done independently
three times from more than two different cell preparations. Data are
means6 SEM (bars) values.
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antipsychotics have a relatively lesser effect on VSCCs than
on nAChRs.

4. Discussion

Our results clearly show that, like CPZ, clozapine inhib-
its both nAChRs and VSCCs. The inhibitory effects lead to
the subsequent inhibition of calcium increase and catechol-
amine secretion. We previously reported that CPZ inhibited
the nAChR- and VSCC-mediated catecholamine secretion
of rat pheochromocytoma PC12 cells by blocking nAChRs
and VSCCs [10]. Therefore, clozapine is similar to CPZ in
that both antipsychotics inhibit catecholamine secretion in-

duced by the activation of nAChRs and VSCCs. Their
common inhibitory effects might thus explain their common
therapeutic effects as antipsychotics. Another possible hy-
pothesis is that the common side effects caused by long-
term antipsychotic treatment may be attributed to these
inhibitory effects.

Expression of D4 and D5 dopamine receptors in bovine
adrenal chromaffin cells has been demonstrated by radioli-
gand-binding assay [25], fluorescence microscopy [26], and
polymerase chain reaction [27]. It has been reported that
agonists selective for either D1- or D2-like dopamine recep-
tor subfamilies inhibited nAChR- and VSCC-mediated cal-
cium increase and catecholamine secretion in bovine chro-
maffin cells [28,29]. Since neuroleptic drugs such as CPZ
and clozapine have been well known to antagonize the
activity of dopamine receptors, the inhibitory effects on
nAChRs and VSCCs reported here are not likely to be
related to the activity of dopamine receptors.

Although both clozapine and CPZ inhibit nAChRs and
VSCCs, clozapine is much less potent in inhibiting
nAChRs. In contrast, the inhibition of VSCCs was similar
between clozapine and CPZ. The more potent inhibition of
nAChRs by CPZ suggests that the additive clinical effects
elicited by CPZ treatment, such as EPS, may be due to the
more potent inhibition of nAChRs. Until now, the underly-
ing mechanism of EPS has not been clearly elucidated.
There have been interesting reports concerning a relation-
ship between nicotinic activity and side effects caused by
antipsychotics. This hypothesis is based on the observation
that the very high rates of cigarette smoking among schizo-
phrenics, nearly 90%, have been noted in a variety of
studies in comparison to the general population’s rate of
25% [30,31]. Since nicotine is the principal psychoactive
component in tobacco and has a wide variety of pharmaco-
logical effects, several lines of evidence suggest the likeli-
hood of nicotine self-medication by schizophrenics [32].
Decinaet al. [33] found that schizophrenics who smoked
had significantly lower rates of neuroleptic-induced parkin-
sonism. Levinet al. [34] reported that nicotine was effective
in reversing some of the adverse side effects of haloperidol
and improving cognitive performance in schizophrenia. It is
interesting that typical and atypical antipsychotics differed
with regard to cigarette smoking. Whereas haloperidol
caused a dose-related increase inad lib. smoking [35],
clozapine caused a significant decrease in such smoking
[36]. These results are in good accord with our findings here
showing that CPZ, a typical antipsychotic drug, is much
more potent in inhibiting nAChRs, suggesting that the ad-
verse side effects of typical antipsychotics are related to the
inhibition of nAChRs. Therefore, it will be very interesting
to look for a correlation between the extent of nAChR
inhibition and adverse side effects such as EPS. Such stud-
ies could contribute to the development of new drugs with
reduced side effects [4,37].

Many reports have suggested that therapeutic plasma
clozapine concentration ranges between approximately 1

Fig. 6. Inhibitory effect of clozapine or CPZ on 50 mM K1-induced
[Ca21]i elevation in chromaffin cells. (A) Fura-2-loaded chromaffin cells
were treated with 50 mM K1 in the absence (trace a) or presence of 3mM
clozapine (trace b) or CPZ (trace c). The experiments were performed
independently 3 times and typical Ca21 transients are presented. (B)
Fura-2-loaded chromaffin cells were treated with 50 mM K1 in the pres-
ence of the indicated concentrations of antipsychotics. The peak height of
each stimulation was measured and is expressed as a percentage of the
control peak height caused by 50 mM K1 alone. The unpaired experiments
were done separately six times from more than two different cell prepa-
rations. Data are means6 SEM (bars) values.
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and 2mM [38,39], a concentration at which clozapine did
not have any significant inhibitory effect on DMPP- or high
K1-evoked responses in our study. Elevated plasma con-
centrations of clozapine up to 10mM in schizophrenic
patients seem to cause toxic side effects such as a mild
anticholinergic syndrome with sinus tachycardia [39,40].
Therefore, it is likely that side effects rather than therapeutic
effects might be caused by the clozapine-induced inhibition
of nAChRs. However, other clinical studies have suggested
that therapeutic effects of clozapine could be induced by
higher plasma concentrations of clozapine than 1mM in
treatment-refractory schizophrenic patients [41,42]. These
clinical reports together with the results presented here
suggest that the inhibition of nAChRs and VSCCs by clo-
zapine may cause either side effects or therapeutic effects in
schizophrenic patients depending upon the clinical situa-
tion. More detailed clinical study will be required to define
a correlation between the inhibitory effects of clozapine
elucidated here and its clinical effects in schizophrenic
patients including those resistant to treatment.
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