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ABSTRACT

A number of neurological syndromes(e.g. tardive dyskinesia) are developed as a consequence of
chronic treatment with neuroleptics or antipsychotic agents. Despite the long and succesful use of phe-
nothiazine derivatives and related agents in the treatment of certain states of mental disease, the
mechanisms of these drugs are still poorly understood. One current hypothesis from extensive reviews
is that these compounds might significantly interfere with the cyclic nucleotide system in brain (Levin
and Weiss, 1977; Nowicki e al., 1991; Haley et al., 1992). Nitric oxide (NO), one of an interesting mes-
senger molecule and aberrant transmitter, is believed to play a important role in biological functions
of cyclic nucleotides in nervous system. It has been reported that calcium-dependent NO synthesis in
endothelial cytosol is mediated by calmodulin which is supposed to be tightly related to
pharmacological actions of antipsychotic agents.

In the present study, the effect of several antipsychotic agents on the activity of NO synthesis and
formation of cyclic GMP were investigated. These agents inhibited both the formation of [*HIL-
citrulline and that of [*H]cyclic GMP by concentration-dependent manner, and their inhibiting pat-
terns are so similar to that of calmodulin antagonist.
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(Snyder, 1992).

Currently, the evidences that the generation of
nitric oxide (NO) through a Ca’* and calmodulin-
dependent pathway plays various important roles

INTRODUCTION

Nitrogen monoxide(NO) has been implicated in
a number of diverse physiological and biochemi-
cal processes including smooth muscle relaxation,
platelet inhibition, neurotransmission, immune
regulation and penile erection. Neuron responds
to NO generation by an increase in their cyclic
GMP levels (Ignarro, 1992), and NO acts as an in-
tracellular second messenger in the brain to trans-
mit information from one neuron to another

* Author for correspondence

in nervous system have been rapidly accumulat-
ed. An enzyme responsible for synthesizing NO,
NO synthase, catalyses formation of NO from L-
arginine via a Ca’*/ calmodulin-dependent mech-
anism. Therefore, the increase in intracellular
Ca’" resulted from activations of voltage-gated
Ca** channels, ligand-gated Ca’* channels or from
the mobilization of intracellular Ca’" stores could
affect this enzyme.

One of the most consistent finding has been re-
ported that phenothiazine derivatives antipsycho-
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tic agents selectively inhibit calmodulin-induced
enzyme activation in rat brain (Prozialeck &
Weiss, 1982; Weiss ef al., 1982). The wide distribu-
tion of calmodulin in the brain and its mediation
of a variety of biological functions have suggested
that antagonism of this Ca** binding protein by
antipsychotics might be implicated in the
pharmacoogical actions.

Because the NO signal transduction system has
been most intensely studied in mammarian tissues
especially in cerebellum (Bredt and Snyder, 1989)
and culture cell-lines (Dawson et al, 1991), we
studied whether these drugs might affect the
activity of NO synthase for their pharmacological
mechanisms both in rat cerebellum and in N1E-
115 culture cells.

Our results showed that several antipsychotics
attenuated NO sythase activity correlated to inhi-
bition of calmodulin in both preparations.

MATERIALS AND METHODS

Drugs

Radioactive agents and antipsychotic agents
used in this study were as followings: L-[2, 3, 4, 5-
*H]arginine monohydrochloride was purchased
from Amersham, Arlington, IL). [8-H]guanine
and [8-“Clguanosine 3’, 5’-cyclic monophosphate
were from Moravek Biochem, Inc. (Brea, CA),
NADPH was from Calbiochem (La Jolla, CA).
Clozapine was kindly provided by Sandoz Phar-
maceutical Corp. (East Hanover, NJ). Other com-
pounds were obtained from Sigma (St. Louis, MO).

Cell culture

Neuroblastoma NI1E-115 cells were grown.in
Dulbecco’s modified Eagle Medium .containing
10% bovine calf serum, penicillin (100 U/ml) and
streptomycin (20 #g/ml). Cells were maintained at
37°C in'10% CO:. and 90% humidified air up to sta-
tionary . phase (El-Fakahany and Richelson,
1980). Subculture was achieved by Puck’s D, solu-
tion on day 14 (El-Fakahany and Richelson,
1980). Culture medium was changed on day 3, 5
and every day thereafter by adding 10 ml of fresh
medium and removing 10 ml of conditioned medi-
um. Cells were used for experiments on day 16~
20.

Measurement of [*H]L-citrulline formation in
cytosolic preparations of rat cerebellum -

Assay was modified based on the method de-
scribed by Bredt and Snyder (1989). Sprague-
Dawley rats (250~300g, male) were decapitated.
Brain was removed and cerebellum was dissected
quickly. The cerebellum was homogenized in
20mM Hepes containing 0.5mM EGTA, 1 mM
dithiothreitol and 0.32M sucrose at 23,000 rpm
(Polytron/PT3000, Brinkmann) for 30 sec. The
homogenates were then centrifuged at 20,000Xg
for 15min. Resulting supernatant was passed
through 1 ml columns of Dowex AG50W-X8 (Na*
form) to remove endogenous L-arginine. Aliquots
of the obatined cytosol (100 g protein) were incu-
bated with a buffer containing 20 mM Hepes,
05mM EGTA, 1 mM dithiothreitol, 0.32M su-
crose, 0.5mM Ca** (1M free Ca’), 200uM

" NADPH, 1M L-arginine, 1#Ci/ml ["H]L-argi-
~ nine in the absence or presence of the test sub-

'stances at 37°C for 45 min. Reaction was stopped
by adding 2 ml of 20 mM Hepes buffer plus 2mM
EDTA (pH 5.5). Samples were passed and collect-
ed through the Dowex AGSOW-X8 (Na* form)
columns followed by washing the columns with
2ml of water. [*H]L-citrulline was counted using
liquid scintillation spectrometry. The level of [*H]
L-citrulline conversion was defined after subtract-
ing the blank value which is the nonspecific
radioactivity in the absence of enzyme.

Measurements of [*Hlcyclic GMP formation in
NI1E-115 cells

NI1E-115 cells were detached and collected as
mentioned above, and then resuspended in hepes
salt buffer. Assay was performed according to the
method described by El-Fakahany and Richelson
(1980). After 45 min incubation of the cells with
[*Hlguanine (10xCi/ml) at 37°C, the cells were
washed twice with 10 ml of hepes salt buffer to re-
move excess radioactivity and then distributed
into 24-well plates in aliquots of 2% 10° cells/well.
Stimulation of cyclic GMP formation was initiat-
ed by addition of 1004M sodium nitroprusside in
the absence or presence of increasing concentra-
tions of the test substances in a final volume of
300 /1. Reactions were stopped by adding 3041 of
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50% trichloroacetic acid to precipitate proteins.
[“Clcyclic GMP (=1500 dpm) was added to each
well as internal standard. Separation of cyclic
GMP was achieved using Dowex AG 50W-X2 col-
umns (hydrogen form). [*H] and [“Clcyclic GMP
were measured by liquid scintillation spectrome-
try and the recovery of [“Clcyclic GMP usually
ranged between 60~80%.

Cell counts and protein determination

The number of NI1E-115 cells was estimated
using a coulter counter (Coulter Electronics, FL).
Protein concentration was determined by the
method of Lowry (Lowry ef al., 1951) using bovine
albumin as standard.

Data analysis

The concentration required to inhibit 50% of
the maximal response (ICx) was calculated by
Hill transformation of the data. All data are pre-
sented as meantstandard errors. Student t test
was employed for statistical analysis.

RESULTS

Effect of antipsychotic drugs on [*H]L-citrulline
formation

The effects of several antipsychotic agents on
formation of [*Hlcitrulline in cytosolic prepara-
tion of rat cerebellum were examined. Thirty per-
cent of [*H]L-arginine could be converted into
[PH]L-citrulline in the presence of 1 M free Ca’",
200 M NADPH and 1 4M L-arginine after 45 min
incubation at 37°C. ‘

We used 7 current antipsychotic durgs to ob-
serve the effects of these durgs on NO synthase in
rat cerebellar cytosol. Data shows that all of test-
ed drugs inhibited the formation of L-citrulline
from arginine by usual dosage in this experiment.
To determine the relationship between attenua-
tion of the activity of NO synthase and antago-
nism of calmdulin, we used calmidazolium as one
of classic calcium antagonists. In this experiment,
all of the tested agents were less potent than
calmidazolium (ICx=2.09+0.87 4M). Among the
tested agents in this experiment, trifluoperazine
was more potent than any other tested drugs in in-
hibiting L-citrulline formation in this cytosolic
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Fig. 1. Typical patterns of several antipsychotic drugs
on [*H]L-citrulline formation in rat cerebellar
cytosol.

Data shown are the means+SEM 4 to 6 inde-
pendent experiments performed in triplicate
and are represented as percentage of control
which is the conversion of [*H]L-arginine into
[*H]L-citrulline in the absence of test substancs
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Fig. 2. Typical patterns of several antipsychotic drugs
on [*Hlcyclic GMP formation in intact N1E-
115 cells.
Data shown are the means+SEM from 4 to 6
independent experiments. performed in tripli-
cate and are represented as percentage of con-
trol which is the level of stimulated [*H]cyclic
GMP formation in the absence of the
antipsychotics[(78 +£19x 10 dpm) above basal
for sodium nitroprusside].
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Fig. 3. Comparison of the dose-response effects of chlorpromazine on inhibition of NO synthase.
(A) Effect of [*H]L-citrulline formation in rat cerebellar cytosol
(B) Effect of [*H]cyclic GMP formation in intact N1E-115 cells

preparation of rat cerebellum (ICs,=6.54 045
#M), and this drug showed higher than unity (Hill
slope =1.91£0.10). The potency of tested agents in
inhibition of L-citrulline formation was compared
to that of antagonism of calmodulin-activated
phosphodiesterase derived from published litera-
ture (Prozialeck and Weiss, 1982).

As illustrated in Fig. 1, there was an excellent
correlation between inhibitory responses and the
concentrations, suggesting that the observed ef-
fects on NO synthase activity might be mediated
by antagonism of calmodulin. The inhibition of
NO synthase by antipsychotic agents in cytosolic
preparations of rat cerebellum seemed not to be
related to the concentration of L-arginine (Fig. 4),
and differed from those of the competitive NO
synthase inhibitors such aas N-methyl-L-arginine
(data not shown). The concentration-dependent
effects of chlorpromazine both in inhibiting the
conversion of ["H]L-arginine into ["H]L-citrulline
and in inhibiting [*H]cyclic GMP formation were
shown in Fig. 3. Cholorpromazine showed the
more potent inhibition (about 7~8 times) of [*H]
citrulline formation (ICx»=14.96+1.99 M) than
that of [*H]cyclic GMP formation (IC»=108.78+
16.86 uM).

Effects of antipsychotic agents on [*Hlcyclic
GMP formation

We used the sodium nitroprusside which spon-
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Fig. 4. Effects of concentration of L-arginine on NO
synthase.
Data shown are the means+SEM from § or 6
independent experiments performed in tripli-
cate and are represented as percentage of con-
trol which is the value in the absence of inhibi-
tors (35£1X10, 21 £2X10 and 4+0.3X10 dpm
in the presence of 0.1, 1 and 10#M L-arginine)
respectively.
CPZ; chlorpromazine
TFP; trifluoperazine

taneously generates NO (Loiacono and Beart,
1992) to activiates guanylate cyclase for genera-
tion of cyclic GMP. We tried to observe more
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than 10 antipsychotic drugs and their structure-
related agents, but we had considerable results
from 7 antipsychotic drug. Promazine, chlorprom-
azine and trifluoperazine inhibited the cyclic
GMP response to sodium nitroprusside in N1E-
115 cells (Fig. 3). Hill slope of the inhibition
curves of these durgs were 0.68+0.25, 1.9+£0.64
(greater than one) and 1.7430.33 (greater than
one), respectively. More lipid-soluble anti-psy-
chotic agents —clozapine, pimozide, chlorpro-
thixene and haloperidol than promazine, chlor-
promazine and trifluoperazine— were chosen for
comparison. When these drugs were used to ob-
serve the effect of antipychotics on cyclic GMP
formation, we found significant inhibition of sodi-
um nitroprusside-stimulated cyclic GMP forma-
tion in intact N1E-115 cells (Fig. 2). Hill slopes of
clozapine and pimozide were almost close to one
but those of chlorprothixene and haloperidol
were similar to that of trifluoperazine.

DISCUSSION

It is now well known that NO synthase catalyz-
es the conversion of L-arginine into L-citrulline,
with a concomitant release of the second messen-
ger molecule NO. The expression of the activity
of the neuronal NO synthase is dependent upon
the presence of NADPH and Ca’'/calmodulin
(Moncada ef al,, 1991).

In this experiment, we tried to examine one
mechanism of the pharmacological effects of sev-
eral antipsychotic drugs using similar lines of
essay. It was observed that antipsychotic drugs in-
hibited the activity of neuronal NO synthase and
NO-triggered cyclic GMP responses. In contrast
to the effects of competitive NO synthase inhibi-
tors, these antipsychotic drugs were not affected
by increasing concentrations of L-arginine. In our
results, there were the correlativities between
pharmacological potencies of antipsychotic
actions and in inhibiting potencies of NO
synthase. Despite these antipsychotic drugs being
not unities in pharmachological potencies, they
shared their typical shapes of inhibiting patterns
which has similarity of that of calmidazolium on
NO synthase both in rat cerebellar cytosol and in
NI1E-115 culture cells.

There is an evidence that purified neuronal NO
synthase could be phosphorylated by a Ca*"/
calmodulin-dependent protein kinase (Bredt ef al.,
1992). Previous studies have been reported that
calmodulin antagonist and related agents inhibit-
ed the activity of the constitutive NO synthase in
brain (Bredt and Snyder, 1990), endothelial cells
(Forstermann ef al.,, 1991; Schini and Vanhoutte,
1992) and endothelial cytosol of aorta (Busse and
Mulsch, 1990).

Since our results in both assays showed the sig-
nificant inhibitions of NO synthase, we assume
that these antipsychotic drugs might affect calici-
um-related protein or cyclic nucleotide related to
NO synthase which activates NO formation. It is
interesting to observe that the ICs values of chlor-
promazine, trifluoperazine and promazine in the
inhibition of cyclic GMP formation induced by
sodium nitroprusside which spontaneously gene-
rates NO in intact N1E-115 cells were significant-
ly higher than those obtained from rat cerebellar
cytosol in formation of L-citrulline. This differ-
ence might be explained by the specific abilities
of different antipsychotic potencies to affect the
basal versus the stimulated activity of NO
synthase whether direct or indirect way. In
addition, we cannot rule out the possibility that
the attitudes of access of these drugs to the intra-
cellular enzyme might be hindered in intact N1E-
115 cells.

It has been reported that inhibitors of NO
synthase antagonize cyclic GMP formation elicit-
ed by ionomycin or sodium nitroprusside in cells
with high potency (Pou et al, 1990), and we also
observed that antipsychotic drugs attenuated the
cyclic GMP formation induced by sodium
nitroprusside in intact N1E-115 cells.

From above results, we could assume that these
drugs might affect in part to generate the cyclic
GMP by direct inhibition of guanylate cyclase.
The less potent effects on antagonizing cyclic
GMP synthesis than those on inhibiting L-
citrulline formation by antipsychotic drugs used
in this experiment (except clozapine and
pimozide) might be related to their suppression
behaviers on phosphodiesterase activity or on NO
synthase as a consequence of inhibition of
calmodulin, it is directly or not. Even though we
do not clearly explain why only pimozide and
clozapine were shown more potent effects on inhi-
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bition of cyclic GMP formation than on that of L-
citrulline formation, we could assume that these
highly lipid-soluble drugs might more significant-
ly affect the biological functions in intact cell-
lines than in cytosoic preparations.

We do know that the observed net influences of
these antipsychotic drugs on NO synthase were
resulted from the summation of complicated ef-
fects both on the synthesis and on degradation of
NO whether it was direltly or not, therfore, still
many important and serious questions to be
solved are remained. The estimates of the free
concentrations of antipsychotic drugs in the brain
of patients might not be easier than measuring in
plasma. There is a report that the free concentra-
tions of these drugs in CSF of patients are approx-
imately 2nM (Seeman, 1992).

So, from above report, we could assume that
these drugs might alter the activity of neuronal
NO synthase depending on calcium by these ex-
perimental doses. AS‘the chronic treatment with
antipsychotics in vivo results in a significant in-
crease in the activity of brain calmodulin (Bon et
al., 1992; Lau and Gnegy, 1982), it is also remained
to be investigated whether these drugs alter the
action or sensitivity of this enzyme to Ca®" after
long-term treatment. Now we are doing studies for
these drugs in different preparations according to
specific conditions and tests.

ACKNOWLEDGEMENT

This work was supported both by grants from
Esam E. El-fakahany in University of Minnesota
(USA) and by Research Funds for Prefessor in
Sahmyook University (Korea) in par.

REFERENCES

Bon C, Bohme GA, Doble A, Stutzmann J-M and
Blanchard J-C: A4 role for nitric oxide in long-term po-
tentiation. Eur J Neurosci 4: 420-424, 1992

Bredt DS and Snyder SH: Nitric oxide mediates gluta-
mate-linked enhancement of cGMP levels in the cerebel-
lum. Proc Natl Acad Sci USA 86: 9030-9033, 1989

Bredt DS and Snyder SH: Isolation of nitric oxide
synthase, a calmodulin-requiring enzyme. Proc Natl
Acad Sci USA 87: 682-685, 1990

Bredt DS, Ferris CD and Snyder SH: Nifric oxide
synthase regulatory sites. J Biol Chem 267: 10976-
10981, 1992

Busse R and Mulsche A: Calcium-dependent nitric oside
synthesis in endothelial cytosol is mediated by
calmodulin. FEBS Letters 256 (1.2), 133-136, 1990

Dawson VL, Dawson TM, London ED, Bredt DS and
Snyder SH: Nitric oxide mediates glutamate neurotoxi-
city in primary cortical cultures. Proc Natl Acad Sci
USA88:6368-6371, 1991

El-Fakanhany EE and Richelson E: Regulation of mus-
carinic receptor-mediated cyclic GMP synthesis by cul-
tured mouse neuroblastoma cells. J Neurochem 35:
941-948, 1980

Forstermann U, Schmidt HW, Pollock JS, Heller M
and Murad F: Enzyme synthesizing guanyate cyclase-
activiate cyclase-activating factors in endothelial cells,
neuroblastoma cells, and rat brain. J Cardiovasc
Pharmacol 17 (suppl 3): $57-564, 1991

Haley JE, Wilcox GL and Chapman PF: The role of ni-
tric oxide in hippocampal longterm potentiation. Neuron
8:211-216, 1992

Ignarro LJ: Haem-dependent activation of cyosolic
guanylate cyclase by nitric oide: a widespread signal
transduction mechanism. Biochemical Society Trans-
duction 20: 465, 1992

Lau Y-S and Gnegy ME: Chronic haloperidol treatment
increased calcium-dependent phosphorylation in rat stri-
atum. Life Sci 30: 21-28, 1982

Levin RM and Weiss B: Binding of trifluoperazine to the
calcium-dependent activator of cyclic nucleotide phos-
phodiesterase. Mol Pharmacol 13: 690-697, 1977

Loiacono RE and Beart PM: Hippocampal lesion induced
by microinjection of the nitric oxide donor nitroprusside.
Eur J Pharmacol 216: 331-333, 1992

Lowry O, Rosebrough NJ, Farr AL and Randall RJ:
Protein measurement with the folin phenol reagent. J
Biol Chem 193: 265-275, 1951

Moncada S, Palmer RMJ and Higgs EA: Nitric oxide:
Physiology, Pathophysiology, and Pharmacology. Phar-
macol Rev 43: 109-142, 1991

Nowicki JP, Duval D, Poignet H and Scatton B: Nitric
oxide mediates neuronal death after focal cerebral is-
chemia in the mouse. Eur J Pharmacol 204: 339-340,
1991

Pou WS, Pou S, Rosen GM and El-Fakahany EE:
DEREF release is a common pathway in the activation of
guanylate cyclase by receptor agonists and calcium
ionophores. Eur J Pharmacol 182: 393-394, 1990

Prozialeck WC and Weiss B: Inhibition of calmodulin by

— 348 —



DPhenothiazine and related drugs: structure-activity rela- of neuroleptics occupy D: receptors, clozapine occupies

tionships. J Pharmacol Exp T her 222: 509-516, 1982 D.. Neuropsychopharmacol 7: 26 1-284, 1992
Schini VB and Vanhoutte PM: Inhibitors of calmidaziium Snyder SH: Nitric oxide: first in a new class of neurotrans-
impair the constitutive but not the inducible nitric oxide mitters? Science 257: 494-496, 1992
synthase activity in the rat aorta. J Pharmacol Exp T her Weiss B, Prozialeck WC and Wallace TL: Interaction of
201: 553-559, 1992 drugs with calmodulin. Biochem Pharmacol 31: 2217-
Seeman P: Dopamine receptor sequences, therapeutic levels 2226, 1982
=RPEE=

7% AAEAEAEE NOHA A digk 2D

Argoiete okstal, vlvseldEte g3 A e
o] % 3l - Esam E. El-fakahany

BARAZAES AVIFste BT AEdHE dof Arle o8] A4S 1 Ax =§
- Aol 250 A5ade}t FA oprlHe FAEES wE A4 4o A =
ok 53 AAHARE T AAel A3 HelE YL AT & F gl FAel BB HE e
ol dB AR ALFHER, ol2fF A Yo B BatgEo] o AFel & 5 7] o
Toll Y- o2 oo FEAGYUFLIAES ATt AL o5 Hash

32 NO(Nitric.oxide)sll g @& AFFo| 9atd, o]Fo] FHA1AANH 523 second
messenger £ mediator® A ABFo) AFS JehlE e ® BwEx gth 282E XA
=2 WA olF FEETH NO%te BAE AFstzal, 2 259 AAHARAES o
NOAA - oH F3E vixe 715 AN o3} 2 Azl A5 dgrh

1. AAWA 8 A 5Z(chlorpromazine, trifluoperazine promazine, pimozide, clozapine,
chlorprothixene, haloperido)s ®3}led o Auel4 [*H]L-argininee2%¥ [*H]L-
citrulline®] A4%& 5432 calmodulin antagonist(calmidazolium)$} v} algic}.

2, °]5& NI1E-115 cellsl] o3l [*Hlcyclic GMP%¥& £33 2 A7-E calmida-zolium
3} vlashgc,

3. o]& oFEEL citrullined cyclic GMP 259 AAdeke 92o)A dAstgden 2714
calmidazolium¥} v f-A}8} et

A9 dxA AR ostw, AW A gAEEY Fuja | HFe YR TFAAA
NOAA % cyclic GMPAA el d%& vehlls 222 A5 H, olsl& calcium ione] 433
T AL Fed, 53] axdrMe] NOAAYY Aie olF FEEY AYA FA44 tar-
dive dyskinesia®} »f-% Z2 F# & 28 F ook 2, o €2 FEES] PR A A
A 7|1& Ay e Hs w A kR BEAH sde] dFEy] $iste] Al APFe|th

rlo

=
o

— 349 —



