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Abstract:

The tight correlation between the clinical potency and the D;R blocking action of antipsychotic medications suggests that dopamine
hyperactivity plays a significant role in psychosis. Clozapine, one of the most effective antipsychotic drugs, has been shown to dis-
play moderate affinity for various neurotransmitter receptors, including the dopamine D; and D, receptors; however, the exact
mechanism of action of clozapine has not yet been fully elucidated. Here, we describe our working hypothesis pointing to the role of
dopamine D1-D; receptor hetero-dimerization as a mechanism of action of clozapine. It has been widely assumed that D and D, re-
ceptors are segregated to separate neuronal populations; however, other data suggest that D; and D, receptors are co-expressed by
a moderate to substantial proportion of striatal neurons, as well as in the medial prefrontal cortex. Our recent studies indicate that con-
comitant stimulation of both D; and D, dopamine receptors induces an increase in their hetero-dimerization. In order to confirm the
working hypothesis that clozapine influences D-D; receptor oligomerization, we employed fluorescence resonance energy transfer
(FRET) technology, using fluorescently tagged dopamine receptors and fluorescence lifetime microscopy of intact living cells. The
effect of clozapine on D1R-D3R hetero-oligomerization was strongly dependent on the drug concentration; the lower concentration,
which resulted in binding to the high affinity sites, decreased the transfer efficiency, while the higher concentration of clozapine en-
hanced transfer efficiency. Further investigation confirmed the idea that high affinity binding sites exist when the receptor is coupled
with G protein, and also that clozapine attenuates the hetero-oligomerization of a high affinity pool of dopamine D;-D; receptors.

The results discussed in the present study, showing the effect of clozapine on D1-D; receptor hetero-oligomerization, together with
the data pointing to the importance of receptors forming hetero-oligomers as a novel level for pharmacological intervention help to
increase the understanding of the molecular mechanism of action of antipsychotic drugs.
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Introduction mented [49]. This phenomenon most likely provides

an additional level of fine tuning for intercellular sig-
The idea that various neurotransmitter receptors form  naling. The data recently provided by Gonzalez-Maeso
dimers or higher order oligomers has been well docu- et al. [23] strongly suggest that receptor hetero-di-
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merization plays an important role in the mechanism
of action of psychotropic drugs, as well as in the etio-
pathogenesis of psychosis. These authors have shown
that serotonin 5-HT,, receptors form functional com-
plexes with metabotropic GIuR2 in brain cortex, which
trigger unique cellular responses when targeted by
hallucinogenic drugs. Convincing experimental data
point to the importance of mutual regulation of these
two receptors, the malfunction of which may be re-
sponsible for the altered cortical processes observed
in schizophrenia.

Consequences of dopamine D4-D,
receptor interaction

Although it has been suggested that the role of dopa-
mine may be only secondary to alterations in the glu-
tamate system [50], schizophrenia is associated with
increased dopamine releasability [9, 31]. The tight
correlation between the clinical potency and the D,R
blocking action of the antipsychotic medications sug-
gests that dopamine hyperactivity plays a significant
role in psychosis. The pathophysiology of other psy-
chological and cognitive abnormalities in schizophre-
nia remains unclear; however, dysregulation of dopa-
mine signaling is one of the best explanations for the
psychotic episodes [44].

Under the condition of increased dopamine releas-
ability, both dopamine receptors are most likely
stimulated. Our recent studies [17] indicate that such
concomitant stimulation of both dopamine receptors
induces an increase in their hetero-dimerization. It has
been shown with the use of an in vifro model, how-
ever, that one might expect that a similar situation
takes place in the membranes of neuronal cells co-
expressing both receptors.

It has been widely assumed that D; and D, recep-
tors are segregated to separate neuronal populations
[21]; however, other data suggest that D; and D, re-
ceptors are co-expressed by a moderate to substantial
proportion of striatal neurons [1, 48]. Earlier studies
by Vincent et al. [52] have also shown that the lami-
nar distribution of medial prefrontal cortex neurons
expressing both D; and D, receptors was similar to
that of the mesocortical dopamine afferents. This ob-
servation might be important given the role of the pre-
frontal cortex in the pathophysiology of schizophre-
nia, especially since this brain region has been com-
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monly associated with deficits in the working memory
of schizophrenic patients [22].

Cyclic AMP has long been recognized as a princi-
pal effector in dopamine-mediated signaling; how-
ever, as has been shown by Lee et al. [32] and Rashid
et al. [41], concomitant activation of D; and D, recep-
tors leads to the recruitment of a signaling pathway
involving phospholipase C-mediated calcium mobili-
zation, which is different from the intracellular re-
sponses observed after stimulation of either receptor
alone. It has also recently been shown that two so-
called dopamine receptor-interacting proteins, cal-
cyon and neuronal calcium sensor-1 (NCS-1), are up-
regulated in the dorsolateral prefrontal cortex of
schizophrenic patients [4, 29]. Therefore, it may be
assumed that the elevated level of these calcium bind-
ing proteins might result from an increased, concomi-
tant stimulation of both dopamine receptors, which
then tend to form hetero-dimers coupled to phospholi-
pase C. Indeed, it has been found that dopamine is ca-
pable of inducing much stronger increases in phos-
phoinositide hydrolysis in the prefrontal cortex of pa-
tients with schizophrenia than in control tissue [25].

In our recent studies we have shown that clozapine
is able to uncouple the D-D, receptor hetero-dimers
[18]. This is especially interesting because clozapine,
an atypical antipsychotic drug, seems to be superior to
conventional antipsychotics in alleviating both posi-
tive and negative symptoms of schizophrenia [8, 26].
Also, in contrast to classic antipsychotics, clozapine
does not produce extrapyramidal syndrome or elevate
prolactin levels in plasma [5]. Despite numerous stud-
ies, the precise mechanism of action of clozapine is
still not clear.

Intrinsic activity of clozapine

Clozapine has been shown to display moderate affin-
ity for various neurotransmitter receptors [10, 45], in-
cluding dopamine D; and D, receptors [51], but the
issue of clozapine affinity for dopamine D and D, re-
ceptors is still open. The consensus concerning this
problem has not been reached, despite various experi-
mental approaches employed so far [2, 3, 36, 38]. In
functional tests, clozapine, similar to haloperidol, ex-
hibited pure antagonistic properties [6, 36], although
it has been shown that unlike classic antipsychotics
chronic administration of clozapine does not increase
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the density of striatal dopamine D, receptors [42].
This finding has led to the conclusion that clozapine is
a weak D, receptor antagonist. Additionally, inverse
agonism of atypical antipsychotics, including clozap-
ine, at the D, receptor has been also postulated [2, 7,
53]. An interesting so-called “loose-binding” hypo-
thesis recently put forward states that clozapine works
by intermittently blocking D,R [27]. Additionally, it
has also been suggested by studies based on the
mathematical modeling of receptor occupancy at the
synapse that clozapine might block the single spikes
of neurons at the D,R but spare the spike bursts that
mediate movement, cognition and affect [40].

In a number of in vivo assays, clozapine has some
preferential although not selective action to antago-
nize D; receptor-mediated functions [37]. However,
D, antagonism by itself has not been an effective
antipsychotic principle; selective D; antagonists
SCH 23390, SCH 39166 and NNC 01-0687 by them-
selves were ineffective as antipsychotics [38]. On the
other hand, additional reports indicate that clozapine
behaves as a Dy agonist; clozapine-induced hypother-
mia in rats was fully antagonized by SCH 23390 or
NNC 01-0687 [3, 39], which is especially interesting
in the context of observations implicating D; receptor
agonism in the prefrontal cortex in cognitive function
[19]. The inverse agonism of clozapine towards the
D, receptor has also been postulated [11].

Recent PET studies have shown that D; receptor
occupancy with clozapine in the primate brain was
higher in the frontal cortex than in the striatum after
administration of clinically relevant doses of the drug
[13]. A regional selectivity of clozapine action has al-
ready been suggested, based on the pharmacological
studies showing down-regulation of D;-like dopa-
mine receptors in the frontal cortex but not in the
striatum after chronic administration of the drug [33,
34]. Another interpretation of these differences was
that endogenous dopamine might have competed with
radioligand binding. Similar arguments are being fre-
quently provided for the interpretation of the binding
of antipsychotic drugs, including clozapine, to dopa-
mine D, receptors [14, 43, 46].

In vitro studies

Because of the problem of endogenous dopamine in-
terference with specific ligand binding, we find cell

model systems, which are devoid of endogenous do-
pamine, to be particularly useful for studying the af-
finity of compounds for dopamine receptors. The re-
sults recently obtained with the use of an in vitro
model system, HEK 293 cells transiently transfected
with plasmids encoding dopamine receptor proteins
[18], indicated that there are two binding sites for clo-
zapine at both dopamine receptors studied (in contrast
to haloperidol, for which a single binding site has
been detected, both at the D, as well as the D, dopa-
mine receptors). The most intriguing results provided
by these binding studies revealed that significantly
higher DR binding-site affinity for clozapine could be
observed upon concomitant expression of that recep-
tor together with dopamine D,R, while co-expression
of both receptors did not affect the affinity of clozap-
ine for D,R.

Since dopamine DR displays differential sensitiv-
ity to clozapine depending on whether it is present
alone in the cell membrane or together with another
receptor (D,R), one can assume that dopamine D,-D,
receptor hetero-oligomerization most likely plays
a role in the observed phenomenon. Additionally, it
has recently been shown by us as well as by others
[17, 47] that these two dopamine receptors can indeed
form hetero-oligomers constitutively, and this process
is enhanced by specific agonists [17]. Physical con-
tact of dopamine receptors seems to influence their af-
finity for ligands.

D,Ser311Cys receptor mutant

Interesting results were also obtained from binding
studies using a D,R mutant, D,5¢311Cys While there
is some evidence that naturally occurring polymor-
phisms in dopamine receptor genes [20] can affect
susceptibility to schizophrenia and an individual pa-
tients’ response to therapeutic agents [28, 30, 54],
relatively little work has been devoted to the study of
the pharmacological function of these polymorphisms.
The Ser311Cys mutation was shown to decrease the
inhibition of cAMP synthesis [15], and examination
of the affinity of clozapine for D,S¢311CYs revealed
that only a single low affinity binding site was de-
tected when this receptor was expressed alone. How-
ever, upon co-expression of D,S5¢B311Cys with DR,
two binding sites for clozapine, a low and high affin-
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ity site, were observed. This indicates some kind of
allosteric modification, most likely exerted by DR on
the D,Ser311CYs receptor variant. Since D,S¢r311Cys
does not show the high affinity binding site for clo-
zapine by itself, according to the ternary complex the-
ory this indicates that the mutant is uncoupled from
the G protein. Co-expression with D R brings the
high affinity site back; therefore, it may be concluded
that the D,3¢311CYs_G protein ternary complex is re-
stored by that interaction. Alteration of the K, value
for the high affinity clozapine binding site at D|R was
also observed when DR was co-expressed with
D,Ser311Cys a5 well as with D,R. Therefore, one might
conclude that allosteric modification works also in an-
other direction; the presence of D,R (and its genetic
variant) modifies the affinity with which the DR rec-
ognizes clozapine.

It has been widely assumed that the high affinity
state of the receptor exists when the receptor is associ-
ated with G protein and the agonist binds to this
high-affinity state to form a ternary complex [16],
while the low affinity state occurs when the G protein
is not associated with the receptor. Chidiac et al. [12]
have proposed an alternative model attempting to ex-
plain the high-affinity state of the receptor — the so
called “cooperativity model”, which proposes that the
receptor cooperates with other receptors to form a di-
mer, or a larger oligomer. The receptor is in the high-
affinity state when it is vacant (unoccupied by the
agonists). When the agonist binds to the vacant recep-
tor, the occupied receptor interacts or “cooperates”
with the other receptors in such a way that the affinity
of the other receptors for the agonist is markedly re-
duced [12]. According to this model, the reduced af-
finity for the agonist is a result of a “negative coop-
erativity” between the receptors, and corresponds to
the receptor’s low affinity state. With the results pre-
viously obtained [18] we propose that the “coopera-
tivity” does not have to be “negative”, and instead in-
volves high affinity states of receptors. That means
that for allosteric interactions, not only are the recep-
tor protein partners necessary, the G proteins must be
present as well.

The D,5¢311Cys receptor mutant illustrates this the-
sis the best. Co-expression of that receptor variant
with DR not only induced changes in the affinity of
DR for clozapine (however, less pronounced than the
changes induced by D,R), upon co-expression the
high affinity pool of D,5¢311CYs also started to be-
come apparent. Therefore, one may conclude that the
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affinity state of a given receptor is finely tuned;
namely, it depends not only on coupling with the G
protein but also on the other interacting protein part-
ners.

Additionally, the observations of the altered affin-
ity of clozapine for the D,5¢311CYs receptor variant
and its influence on the affinity of D;R while these
two receptors are co-expressed might have a great im-
pact on understanding the links between this genetic
polymorphism, the vulnerability to schizophrenia and
the differential sensitivity for the applied therapy.

Clozapine and D,4-D, receptor
oligomerization

In order to confirm the working hypothesis that clo-
zapine indeed influences D;-D, receptor oligomeriza-
tion, we employed fluorescence resonance energy
transfer (FRET) technology, which used fluorescently
tagged dopamine receptors combined with fluores-
cence lifetime microscopy of living cells [35]. From
the results obtained, it may be concluded that clozap-
ine does affect the formation of hetero-oligomers but
only initially when present for 30 min in the incuba-
tion medium, and ceases to affect this process after
a longer time (120 min). Moreover, the effect of
clozapine on D;R-D,R hetero-oligomerization was
strongly dependent on the drug concentration; the
lower concentration, which resulted in binding to the
high affinity sites, decreased the transfer efficiency,
while the higher concentration of clozapine enhanced
transfer efficiency.

On the other hand, when a low concentration of
clozapine was added in the presence of Gpp(NH)p
(a non-hydrolyzable GTP analog), which should mean
that the high affinity binding sites were no longer
present, the degree of D;-D, receptor hetero-oligo-
merization significantly increased. In contrast, when
clozapine was present without Gpp(NH)p hetero-
oligomerization was not different from the control.
These results further confirm the idea that high affin-
ity binding sites exist when the receptor is coupled
with G protein, and that clozapine attenuates the
hetero-oligomerization of a high affinity pool of do-
pamine Dy-D, receptors. A similar conclusion can be
drawn from the data obtained with the higher concen-
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tration of clozapine, which “sees” both the low and
the high affinity binding sites.

In light of the obtained data, we propose that clo-
zapine is capable of producing opposite effects on G
protein-coupled receptors depending on whether or
not they are coupled to their given G proteins. Such
a conclusion has a fundamental significance, since
therapeutic doses of clozapine are not sufficient to
saturate the low affinity binding sites; therefore, the
compound acts at high affinity binding sites. On the
basis of the results obtained with the use of FRET
measurements, one may assume that clozapine de-
creases the degree of hetero-oligomerization of dopa-
mine receptors. Since concomitant agonist stimulation
of both receptors enhances the degree of D;-D,
hetero-dimerization [17], one may assume that exces-
sive dopamine release, which has been postulated in
schizophrenia, exerts a similar effect.

Concluding remarks

Despite its well-recognized superiority over other an-
tipsychotics, clozapine is an imperfect drug. The
search for safer alternatives to clozapine that would
not cause agranulocytosis, seizures, obesity or diabe-
tes [24, 55] is currently one of the most important top-
ics in the field of schizophrenia research. We strongly
believe that the results discussed in the present study
showing the effect of clozapine on D;-D, receptor
hetero-oligomerization, together with the data point-
ing to the importance of receptors forming hetero-
oligomers as a novel level for pharmacological inter-
vention, are an important contribution to the field, and
will help to increase the understanding of the molecu-
lar mechanism of action of antipsychotic drugs.

Future studies dedicated to finding compounds tar-
geting the fine tuning of D;-D, receptor hetero-
oligomerization are therefore necessary to develop
new potential drugs as efficacious as clozapine, but
devoid of its serious side effects.

Acknowledgment:

We would like to dedicate this work to the memory of the late
Professor Zygmunt Wasylewski, who introduced us to FRET
phenomenon.

10.

11.

12.

13.

References:

. Aizman O, Brismar H, Uhlen P, Zettergren E, Levey Al,

Forssberg H, Greengard P, Aperia A: Anatomical and
physiological evidence for D; and D, dopamine receptor
colocalization in neostriatal neurons. Nat Neurosci,
2000, 3, 226-230.

. Akam E, Strange P: Inverse agonist properties of atypi-

cal antipsychotic drugs. Biochem Pharmacol, 2004, 67,
2039-2045.

. Alhenius S: Clozapine: dopamine D receptor agonism

in the prefrontal cortex as the code to decipher a Rosetta
stone of antipsychotic drugs. Pharmacol Toxicol, 1999,
84, 193-196.

. Bai J, He F, Novikova SI, Undie AS, Dracheva S,

Haroutunian V, Lidow MS: Abnormalities in the dopa-
mine system in schizophrenia may lie in altered levels
of dopamine receptor-interacting proteins. Biol Psychia-
try, 2004, 56, 427-440.

. Baldessarini RJ, Frankenburg FR: Clozapine. A novel

antipsychotic agent. N Engl ] Med, 1991, 324, 746-754.

. Bull DR, Sheehan MJ: Presynaptic regulation of electri-

cally evoked dopamine overflow in nucleus accumbens:
a pharmacological study using fast cyclic voltammetry
in vitro. Naunyn Schmiedebergs Arch Pharmacol, 1991,
343,260-265.

. Burstein ES, Ma J, Wong S, Gao Y, Pham E, Knapp AE,

Nash NR et al.: Intrinsic efficacy of antipsychotics at hu-
man Dy, D3, and D4 dopamine receptors: identification
of the clozapine metabolite N-desmethylclozapine as

a Dy/D3 partial agonist. J Pharmacol Exp Ther, 2005,
315, 1278-1287.

. Breier A, Buchanan RW, Kirkpatrick B, Davis OR,

Irish D, Summerfelt A, Carpenter WT Jr: Effects of clo-
zapine on positive and negative symptoms in outpatients
with schizophrenia. Am J Psychiatry, 1994, 151, 20-26.

. Breier A, Su TP, Saunders R, Carson RE, Kolachana BS,

de Bartolomeis A, Weinberger DR: Schizophrenia is as-
sociated with elevated amphetamine-induced synaptic
dopamine concentrations: evidence from a novel posi-
tron emission tomography method. Proc Natl Acad
SciU S A, 1997, 94, 2569-2574.

Brunello N, Masotto C, Steardo L, Markstein R,
Racagni G: New insights into the biology of schizophre-
nia through the mechanism of action of clozapine. Neu-
ropsychopharmacology, 1995, 13, 177-213.

Cai G, Gurdal H, Smith C, Wang HY, Friedman E:
Inverse agonist properties of dopaminergic antagonists
at the D1z dopamine receptor: uncoupling of the Dy
dopamine receptor from Gg protein. Mol Pharmacology,
1999, 56, 989-996.

Chidiac P, Green MA, Pawagi AB, Wells JW: Cardiac
muscarinic receptors. Cooperativity as the basis for mul-
tiple states of affinity. Biochemistry, 1997, 36, 7361-7379.
Chou YH, Halldin C, Farda L: Clozapine binds preferen-
tially to cortical Dj-like dopamine receptors in the pri-
mate brain: a PET study. Psychopharmacol, 2006, 185,
29-35.

Pharmacological Reports, 2008, 60, 581-587 585



15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

586

. Chou YH, Halldin C, Farda L: Effect of amphetamine

on extrastriatal D, dopamine receptor binding in primate
brain: a PET study. Synapse, 2000, 38, 138—143.
Cravchik A, Sibley DR, Gejman PV: Functional analysis
of the human D, dopamine receptor missense variants.

J Biol Chem, 1996, 271, 26013-26017.

De Lean A, Stadel JM, Letkowitz RJ: A ternary complex
model explains the agonist-specific binding properties of
the adenylate cyclase-coupled -adrenergic receptor.

J Biol Chem, 1980, 255, 7108-7117.
Dziedzicka-Wasylewska M, Faron-Gorecka A,
Andrecka J, Polit A, Kusmider M, Wasylewski Z:
Fluorescence studies reveal heterodimerization of dopa-
mine D and D; receptors in the plasma membrane.
Biochemistry, 2006, 45, 8751-8759.

Faron-Gorecka A, Gérecki A, Kusmider M, Wasylewski
Z, Dziedzicka-Wasylewska M: The role of D;-D> recep-
tor hetero-dimerization in the mechanizm of action of
clozapine. Eur Neuropsychopharmacol, 2008, 18,
682—691.

Gao WJ, Krimer LS, Goldman-Rakic PS: Presynaptic
regulation of recurrent excitation by Dj receptors in
prefrontal circuits. Proc Natl Acad Sci U S A, 2001, 98,
295-300.

Gejman PV, Ram A, Gelerntner J, Friedman E, Cao Q,
Pickar D, Blum K et al.: No structural mutation in the
dopamine D5 receptor gene in alcoholism or schizophre-
nia. Analysis using denaturing gel electrophoresis.
JAMA, 1994, 271, 204-208.

Gerfen CR: Molecular effects of dopamine on striatal-
projection pathways. Trends Neurosci, 2000, 23,

Suppl 10, 64-70.

Goldman-Rakic PS, Muly EC, 3rd Williams GV: Dj re-
ceptors in prefrontal cells and circuits. Brain Res Brain
Res Rev, 2000, 31, 295-301.

Gonzalez-Maeso J, Ang RL, Yuen T, Chan P, Weisstaub
NV, Lopez-Gimenez JF, Zhou M et al.: Identification of
a serotonin/glutamate receptor complex implicated in
psychosis. Nature, 2008, 452, 93-99.

Henderson DC: Clozapine: diabetes mellitus, weight
gain, and lipid abnormalities. J Clin Psychiatry, 2001,
62, Suppl 23, 39-44.

Jope RS, Song L, Grimes CA, Pacheco MA, Dilley GE,
Li X, Meltzer HY et al.: Selective increases in phospho-
inositide signaling activity and G protein levels in
postmortem brain from subjects with schizophrenia or
alcohol dependence. J Neurochem, 1998, 70, 763-771.
Kane JM, Honigfeld G, Singer J, Meltzer H: Clozapine
in treatment-resistant schizophrenics. Psychopharmacol
Bull, 1988, 24, 62—67.

Kapur S, Seeman P: Does fast dissociation from the
dopamine D, receptor explain the action of atypical
antipsychotics?: a new hypothesis. Am J Psychiatry,
2001, 158, 360-369.

Kawanishi Y, Tachikawa H, Suzuki T: Pharmaco-
genomics of schizophrenia. Eur J Pharmacol, 2000,
410, 227-241.

Koh PO, Bergson C, Undie AS, Goldman-Rakic PS,
Lidow MS: Up-regulation of the D dopamine receptor-
interacting protein, calcyon, in patients with schizophre-
nia. Arch Gen Psychiatry, 2003, 60, 311-319.

Pharmacological Reports, 2008, 60, 581-587

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Kondo T, Michara K, Suzuki A, Yasui-Furukori N,
Kaneko S: Combination of dopamine D, receptor gene
polymorphisms as a possible predictor of treatment-
resistance to dopamine antagonists in schizophrenic
patients. Prog Neuro-Psychopharmacol Biol Psychiatry,
2003, 27, 921-926.

Laruelle M, Abi-Dargham A, van Dyck CH, Gil R,
D’Souza CD, Erdos J, McCance E et al.: Single photon
emission computerized tomography imaging of
amphetamine-induced dopamine release in drug-free
schizophrenic subjects. Proc Natl Acad Sci U S A, 1996,
93, 9235-9240.

Lee SP, So CH, Rashid AJ, Varghese G, Cheng R,
Lanca AJ, O’Dowd BF, George SR: Dopamine D and
D; receptor co-activation generates a novel phospholi-
pase C-mediated calcium signal. J Biol Chem, 2004,
279, 35671-35678.

Lidow MS, Elsworth JD, Goldman-Rakic PS: Down-
regulation of the D; and D5 dopamine receptors in the
primate prefrontal cortex by chronic treatment with
antipsychotic drugs. J Pharmacol Exp Ther, 1997, 281,
597-603.

Lidow MS, Goldman-Rakic PS: A common action

of clozapine, haloperidol and remoxipride on Di- and
D»-dopaminergic receptors in the primate cerebral cor-
tex. Proc Natl Acad Sci U S A, 1994, 91, 4353-4356.
Lukasiewicz S, Blasiak E, Faron-Gorecka A, Polit A,
Tworzydto M, Goérecki A, Wasylewski Z, Dziedzicka-
Wasylewska M: Fluorescence studies of homooligomeri-
zation of adenosine Az and serotonin 5-HT A receptors
reveal the specificity of receptor interactions in the
plasma membrane. Pharmacol Rep, 2007, 59, 379-392.
Markstein R: Pharmacological characterization of dopa-
mine receptors using functional criteria. In: Neurobiol-
ogy of Dopamine Systems. Ed. Winlow W, Markstein R,
University Press, Manchester, 1986, 40-52.

Murray AM, Waddington JL: The interaction of clozap-
ine with dopamine D1 versus dopamine D receptor-
mediated function: behavioural indices. Eur J Pharmacol,
1990, 186, 79-86.

Nielsen EB, Andersen PH: Dopamine receptor occu-
pancy in vivo: behavioral correlates using NNC-112,
NNC-687 and NNC-756, new selective dopamine D
receptor antagonists. Eur J Pharmacol, 1992, 219, 35-44.
Oerther S, Ahlenius S: Atypical antipsychotics and dopa-
mine D receptor agonism: an in vivo experimental study
using core temperature measurements in the rat. J Phar-
macol Exp Ther, 2000, 292, 731-736.

Olson TP: Does clozapine work by blocking spikes and
sparing bursts? Med Hypotheses, 2005, 65, 68-78.
Rashid AJ, So CH, Kong MM, Furtak T, ElI-Ghundi M,
Cheng R, O’Dowd BF, George SR: D;-D; dopamine
receptor heterooligomers with unique pharmacology are
coupled to rapid activation of Gg/11 in the striatum.
Proc Natl Acad Sci USA, 2007, 104, 654-659.

Rupnick NMJ, Hall M, Mann S, Fleminger S, Kilpatric
G, Jenner P, Marsden D: Chronic treatment with clozap-
ine, unlike haloperidol, does not induce changes in stri-
atal Dj receptor function in the rat. Biochem Pharmacol,
1985, 34, 2755-2763.



Mechanism of action of clozapine — working hypothesis
Marta Dziedzicka-Wasylewska et al.

43.

44.

45.

46.

47.

48.

49.

Seeman P, Guan C, Niznik HB: Endogenous dopamine
lowers the dopamine D receptor density as measured by
[3H]raclopride: implications for positron emission tomo-
graphy of the human brain. Synapse, 1989, 3, 96-97.
Seeman P, Kapur S: Schizophrenia: more dopamine,
more Dj receptors. Proc Natl Acad Sci U S A, 2000, 97,
7673-7675.

Seeman P, Niznik HB, Guan HC, Booth G, Ulpian C:
Link between D; and D, dopamine receptors is reduced
in schizophrenia and Huntington diseased brain.

Proc Natl Acad Sci USA, 1989, 86, 10156-10160.
Seeman P, Tallerico T, Ko F: Dopamine displaces
[3H]domperidone from high affinity sites of the dopa-
mine D5 receptor, but not [*H]raclopride or [3H]spiper-
one in isotonic medium: implications for human positron
emission tomography. Synapse, 2003, 49, 209-215.

So CH, Varghese G, Curley KJ, Kong MM, Alijaniaram
M, Ji X, Nguyen T et al.: D1 and D, dopamine receptors
form heterooligomers and cointernalize after selective
activation of either receptor. Mol Pharmacol, 2005, 68,
568-578.

Surmeier DJ, Song WJ, Yan Z: Coordinated expression
of dopamine receptors in neostriatal medium spiny neu-
rons. J Neurosci, 1996, 16, 6579-6591.

Szidonya L, Cserzo M, Hunyady L: Dimerization and
oligomerization of G-protein-coupled receptors: debated
structures with established and emerging functions.

J Endocrinol, 2008, 196, 435-453.

50.

51.

52.

53.

54.

55.

Tamminga C, Medoff D: Dopaminergic and glutamater-
gic influences in the systems biology of schizophrenia.
In: Dopamine in the Pathophysiology and Treatment of
Schizophrenia. Ed. Kapur S, Lecrubier Y, Taylor & Fran-
cis Group, 2003, 207-220.

Tauscher J, Hussain T, Agid O, Verhoeff NP, Wilson AA,
Houle S, Remington G et al.: Equivalent occupancy of
dopamine D and D receptors with clozapine: differen-
tiation from other atypical antipsychotics. Am J Psychia-
try, 2004, 161,1620-1625.

Vincent SL, Khan Y, Benes FM: Cellular distribution of
dopamine D and D5 receptors in rat medial prefrontal
cortex. J Neurosci, 1993, 13, 2551-2564.

Wilson J, Lin H, Fu D, Javitch JA, Strange PG: Mecha-
nisms of inverse agonism of antipsychotic drugs at the
D, dopamine receptor: use of a mutant D, dopamine re-
ceptor that adopts the activated conformation. J Neuro-
chem, 2001, 77, 493-504.

Wong AHC, Buckle CE, Van Toll HHM: Polymorphisms
in dopamine receptors: what do they tell us? Eur J Phar-
macol, 2000, 410, 183-203.

Young CR, Bowers MB, Jr Mazure CM: Management
of the adverse effects of clozapine. Schizophr Bull,

1998, 24, 381-390.

Received:
June 6, 2008; in revised form: September 16, 2008.

Pharmacological Reports, 2008, 60, 581-587 587



	581	Review Œ Mechanism of action of clozapine in the context of dopamine D1-D2 receptor hetero-dimerization Œ a working hypothesis.
	Marta Dziedzicka-Wasylewska, Agata Faron-Górecka, Andrzej Górecki, Maciej Kuœmider

	588	Review Œ Antidepressant activity of zinc and magnesium in view of the current hypotheses of antidepressant action.
	Bernadeta Szewczyk, Ewa Poleszak, Magdalena Sowa, Marcin Siwek, Dominika Dudek, Beata Ryszewska-Pokraœniewicz, Maria Radziwoñ-Zaleska, W³odzimierz Opoka, Janusz Czekaj, Andrzej Pilc, Gabriel Nowak

	600	Review Œ Physiology and pharmacological role of the blood-brain barrier.
	Jacek Bernacki, Aleksandra Dobrowolska, Katarzyna Nierwiñska, Andrzej Ma³ecki

	623	Review Œ Pharmacokinetics and pharmacodynamics of aliskiren, an oral direct renin inhibitor.
	W³odzimierz Buczko, Justyna M. Hermanowicz
	632	Cost analysis of therapy for patients with multiple sclerosis (MS) in Poland.
	Arleta Matschay, El¿bieta Nowakowska, Hanka Hertmanowska, Krzysztof Kus, Anna Czubak

	645	Effects of agmatine on nicotine-evoked behavioral responses in rats.
	Magdalena Zaniewska, Andrew C. McCreary, Gulay Sezer, Edmund Przegaliñski, Ma³gorzata Filip

	655	NMDA/glutamate mechanism of magnesium-induced anxiolytic-like behavior in mice.
	Ewa Poleszak, Piotr Wla�, Andrzej Wróbel, Sylwia Fidecka, Gabriel Nowak

	664	Nitric oxide modulation mediates the protective effect of trazodone in a mouse model of chronic fatigue syndrome.
	Anil Kumar, Ruchika Garg, Puneet Kumar

	673	Effect of taurine treatment on pro-oxidant-antioxidant balance in livers and brains of old rats.
	Hande Parýldar-Karpuzoðlu, Güldal Mehmetçik, Gül Özdemirler-Erata, Semra Doðru-Abbasoðlu, Necla Koçak-Toker, Müjdat Uysal

	679	Involvement of adenosine receptor agonists on the development of hypersensitivity to acute dose of morphine during morphine withdrawal period.
	Joanna Listos, Sylwia Talarek, Sylwia Fidecka

	686	Neurosteroids enhance the viability of staurosporine and doxorubicin treated differentiated human neuroblastoma SH-SY5Y cells.
	Monika Leœkiewicz, Magdalena Regulska, Bogus³awa Budziszewska, Danuta Jantas, Lucylla Jaworska-Feil, Agnieszka Basta-Kaim, Marta Kubera, W³adys³aw Lasoñ

	692	Cyclooxygenase inhibitors: a novel direction for Alzheimer™s management.
	Manish Nivsarkar, Aryamitra Banerjee, Harish Padh

	699	Effect of cypermethrin on memory, movement activity and co-ordination in mice after transient incomplete cerebral ischemia.
	Barbara Nieradko-Iwanicka, Andrzej Borzêcki

	706	Prolonged pretreatment with carvedilol prevents 3-nitropropionic acid-induced behavioral alterations and oxidative stress in rats.
	Puneet Kumar, Anil Kumar

	716	Responsiveness of 5-HT2C receptors in repeatedly diazepam-injected rats: a behavioral and neurochemical study.
	Asma Khan, Darakhshan J. Haleem

	725	Effects of ethanol treatment on the neurogenic- and endothelium-dependent relaxation of corpus cavernosum smooth muscle in the mouse.
	Fatma Aydinoglu, Sakir N. Yilmaz, Banu Coskun, Nebile Daglioglu, Nuran Ogulener


	SHORT COMMUNICATIONS
	735	Effect of cyclooxygenase and nitric oxide synthase inhibitors on vincristine induced hyperalgesia in rats.
	Magdalena Bujalska, Stanis³aw W. Gumu³ka


	742	Acute doxorubicin nephrotoxicity in rats with malignant neoplasm can be successfully treated with fullerenol C60(OH)24 via suppression of oxidative stress.
	Rade Injac, Marija Boskovic, Martina Perse, Eva Koprivec-Furlan, Anton Cerar, Aleksandar Djordjevic, Borut Strukelj
	751	Note to Contributors



