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1 The mechanism underlying the anticataleptic properties of the atypical neuroleptic agent, clozapine,
has been investigated in the rat.

2 The close structural analogues of clozapine, loxapine (0.1 mg kg71 s.c.) and iso-clozapine (1 and
3 mg kg71 s.c.) induced catalepsy in rats. In contrast, clozapine and the regio-isomer of loxapine, iso-
loxapine (up to 10 mg kg71 s.c.) did not produce catalepsy, but at a dose of 1 mg kg71 signi®cantly
inhibited catalepsy induced by loxapine (0.3 mg kg71 s.c.).

3 Radioligand binding assays showed that cataleptogenic potential was most clearly predicted by the
D2/5-HT1A, D2/5-HT1B/1D and D2/a2-receptor a�nity (KD) ratios: i.e. 30 ± 100-fold higher ratios were
calculated for loxapine and iso-clozapine, whereas the ratios were less than 1 for clozapine and iso-
loxapine. The ratios of a�nities for D2 to 5-HT2A, 5-HT2C or D1 did not re¯ect the grouping of
cataleptic and non-cataleptic compounds.

4 Co-treatment with the a2-adrenoceptor antagonists, yohimbine (1 ± 10 mg kg71 s.c.), RX 821002 (1 ±
10 mg kg71 s.c.) and MK-912 (0.3 and 1 mg kg71 s.c.) dose-dependently inhibited the cataleptic
response to loxapine (0.3 mg kg71). Yohimbine (1 ± 10 mg kg71 s.c.) also dose-dependently inhibited the
cateleptic response to haloperidol (0.3 mg kg71 s.c.). The a2-adrenoceptor antagonists had no e�ect per
se.

5 Neither yohimbine (10 mg kg71) nor RX821002 (3 mg kg71) altered the cataleptic response to the D1

receptor antagonist, SCH 23390 (1 mg kg71 s.c.), while, like clozapine, both compounds abolished the
response to the 5-HT2A receptor antagonist, MDL 100,151 (3 mg kg71 s.c.).

6 The present data strongly implicate a2-adrenoceptor blockade in the anticataleptic properties of
clozapine and suggest that its lack of extrapyramidal side e�ects in the clinic may also be a consequence
of this property.
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Introduction

Clozapine is distinguished from most other neuroleptics by its

failure to induce catalepsy in rats and by its low liability to
induce extrapyramidal side e�ects (EPS) in man (Baldessarini &
Frankenburg, 1991). Both catalepsy and EPS are thought to
re¯ect blockade of dopamine D2 receptors in the basal ganglia.

Since clozapine has appreciable a�nity for D2 receptors
(Meltzer et al., 1989), we have reasoned that clozapine must be
able to inhibit its own expression of these behaviours, since it is

able to block the expression of catalepsy induced by structurally
related neuroleptics (Kalkman et al., 1997). However, the
mechanism by which these e�ects are achieved is unknown.

Interestingly, clozapine is being used increasingly to treat
psychosis and dyskinesia in patients with Parkinson's disease
(Factor & Friedman, 1997; Durif et al., 1997) and its e�cacy
here may well re¯ect the anticataleptic properties seen in the rat.

Clozapine is notable for its signi®cant a�nity for a wide
range of monoamine neurotransmitter receptors and many
hypotheses based on its separate or multiple pharmacological

properties have been generated in an attempt to explain its
atypicality (atypical being de®ned as having neuroleptic
activity in the absence of EPS). The classical approach has

been to compare the radioligand binding pro®le or the
functional responses of the `typical' or EPS-inducing
neuroleptic drugs (compounds often with a predominantly

high a�nity for D2 receptors, such as haloperidol) with the

polyvalent pro®le of clozapine (Chiodo & Bunney, 1983;

Robertson & Fibiger, 1992; Seeman et al., 1997a). Di�erences
in responses, a�nity, or ratios of a�nities found in this way
have then used to speculate on the basis of the atypical nature
of clozapine's neuroleptic activity. The disadvantage of this

approach is that whilst many di�erences have been found,
there has been no objective way of recognizing those that
might be essential to the atypical nature of the drug. We have

attempted, therefore, a di�erent approach.
It has been noted by Schmutz & Eichenberger (1982) that

the position of the chlorine substituent in the clozapine

structure is important with respect to catalepsy. The
movement of the chlorine from position 8 to 2 gave a
regio-isomer (iso-clozapine, Figure 1) that behaved as a
typical neuroleptic. Also loxapine, known to induce

catalepsy, has the chlorine substituent in the 2-position.
Importantly though, the loxapine analogue with chlorine in
the position equivalent to clozapine (iso-loxapine) was free

from catalepsy (Schmutz & Eichenberger, 1982). This
dichotomy between clozapine and iso-loxapine on the one
hand and iso-clozapine and loxapine on the other, has been

studied further in our laboratory. Comparison of the
radioligand binding pro®les of the two pairs of compounds
led to the recognition of a possible role of a2-adrenoceptor
blockade in suppressing dopamine D2 receptor-mediated
catalepsy. Evidence consistent with this hypothesis was then
obtained by examining the anticataleptic properties of
selective a-2-adrenoceptor antagonists.2Author for correspondence.
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Methods

Animals

Male Wistar rats (220 ± 250 g) were housed in groups of ®ve

with food and water freely available under a 12 h light/dark
cycle (lights on at 07 00 h). The ambient temperature was held
at 22+28C with a relative humidity of 50%.

Experimental procedure

Catalepsy was measured at t=0 h, 0.5 h, 1 h and then at
hourly intervals up to 5 h in a quiet, dimly lit laboratory. Rats
were placed with their forepaws on a wooden block (7 cm

high) and the time spent in that position without a deliberate
move to step down, up to a maximum of 45 s, was measured.
Three consecutive attempts to place the rat onto the wooden
block were made at each time point with the longest latency to

step down taken as the reading. Data are expressed as
means+s.e.mean. Each experimental group generally con-
sisted of 10 animals. The experiments were performed strictly

according to a protocol accepted by the Basel Stadt Cantonal
Veterinary Service.

Statistics

The Student t-test with Bonferroni correction for multiple
comparisons was used to compare groups.

Drugs

Clozapine, iso-clozapine, iso-loxapine, MK-912 HCl ((7)-

1',3'-dimethylspiro (1,3,4,5',6,6',7,12b-octohydro-2H-benzo[b]-
furo [2,3-a] quinolizine) -2,4'-pyrimidin -2'- one) and MDL
100,151* (+)-a-(2,3-dimethoxyphenyl)-1-[2-(4-¯uorophenyl)
ethyl] - 4 - piperidinemethanol; *the active (+)-enantiomer
known as MDL 100,907) were synthesized at Novartis
Pharma Ltd. Loxapine succinate, yohimbine. HCl, 2-
methoxy-idazoxan HCl (RX 821002) and SCH 23390 HCl

were purchased from RBI. MDL 100,151, loxapine, iso-
loxapine, iso-clozapine and clozapine were dissolved in a
small volume of 0.2 ml acetic acid (10%) and further diluted

with physiological saline. MK-912, yohimbine and RX
821002 were dissolved in warm H2O and further diluted in
saline. All compounds were administered subcutaneously in

the back of the neck.

Radioligand binding

Radioligand binding was performed according to published
procedures as referenced in Table 1.

Results

The cataleptic response to loxepine, iso-loxapine,
clozapine and iso-clozapine

Loxapine dose-dependently increased the time the animal held
its position on the wooden block with a minimum e�ective
dose of 0.1 mg kg71 (Figure 2). The maximum response (i.e. a
latency of 45 s developed during the ®rst 120 min after

injection of 0.3 mg kg71 and was maintained over the
following 3 h.

The regio-isomer of clozapine, iso-clozapine also induced a

marked cataleptic response in the rat at 1 and 3 mg kg71. In
contrast, iso-loxapine up to a dose of 10 mg kg71 did not
signi®cantly increase the catalepsy score above the value for

vehicle-treated controls (Figure 3) but blocked the catalepsy
induced by 0.3 mg kg71 loxapine (Figure 4).

A�nity for monoamine receptor subtypes

Clozapine, loxapine and their regio-isomers all had
appreciable a�nities for dopamine, 5-HT and a-adrenergic
receptors (Table 2). Clozapine had the highest a�nity for
the 5-HT2C receptor (pKD=7.93) and lowest for dopamine
D1(pKD=6.29) and 5-HT1B/1D (pKD=6.17) receptors. Lox-

apine had highest a�nity for the 5-HT2A receptor
(pKD=8.05) and lowest for the 5-HT1A subtype (pKD=5.5).
In grouping the compounds into non-cataleptogenic (cloza-

pine with iso-loxapine) and cateleptogenic (loxapine with
Figure 1 Chemical structure of loxapine, iso-loxapine (top), and
clozapine and iso-clozapine (bottom).

Table 1 Details of the methodology used for the determination of the a�nity for various monoamine receptor recognition sites

Receptor Ligand Tissue Non-speci®c binding References

D1 [3H]-SCH 23390 calf caudate 10 mM SCH 23390 Markstein et al., 1996
D2 [3H]-spiperone calf caudate 10 mM spiperone Markstein et al., 1996
5-HT1A [3H]-8-OH-DPAT pig cerebral cortex 10 mM 5-HT Hoyer et al., 1985
5-HT1B/1D [125I]-GTI calf caudate 10 mM 5-HT Bruinvels et al., 1992
5-HT2A [3H]-ketanserin rat cerebral cortex 50 mM mianserin Hoyer et al., 1985
5-HT2C [3H]-mesulergine recombinant human 10 mM 5-HT Hoyer et al., 1985
a1 [125I]-BE 2254 rat cerebral cortex 10 mM phentolamine Engel & Hoyer, 1981
a2 [3H]-idazoxan rat cerebral cortex 10 mM yohimbine Markstein et al., 1996
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iso-clozapine), it is clear that, with the exception of
dopamine D1 receptors for clozapine and iso-loxapine, there
was little di�erence in the pKD values between clozapine and

iso-loxapine or between loxapine and iso-clozapine. How-
ever, both loxapine and iso-clozapine had approximately 10-
fold lower a�nity for 5-HT1A receptors and a2-adrenocep-
tors than clozapine and iso-loxapine whilst the pKD values
for all other receptor subtypes determined di�ered by not
more than 5-fold across all four compounds.

On the assumption that catalepsy in the rat re¯ects
dopamine D2 receptor blockade, and that the non-catalepto-
genic compounds suppress the cataleptic consequences of their

own interaction with D2 receptors via one of the receptor
subtypes here considered, the di�erences in pKD values for D2

and other monoamine receptors have been calculated (Table

3). Di�erences of more than one log unit were found for both
cataleptogenic compounds when comparing D2 with 5-HT1A,
5-HT1B/1D and a2-adrenergic receptors. Thus, 5-HT1A, 5-HT1B/

1D and/or a2-adrenergic receptors are potential candidates for a
role in the anticataleptic e�ects of clozapine and iso-loxapine
whilst it seems unlikely that 5-HT2A, 5-HT2C, a1-adrenergic or
D1 receptors are involved.

Antagonism of loxapine-induced catalepsy by
a2-adrenoceptor antagonists

None of the three structurally di�erent a2-adrenoceptor
antagonists, yohimbine (0.3 ± 10 mg kg71), RX 821002 (1 ±
10 mg kg71) and MK-912 (0.3 ± 1 mg kg71) increased the

catalepsy score of otherwise untreated animals when given at
doses previously shown to antagonize a2-adrenoceptors in the
rat (see, for example, Figure 7 for MK-912; Figure 8 for

yohimbine; Figure 9 for RX 821002). However, when each of
the compounds, was given over this same dose range
concomitantly with loxapine (0.3 mg kg71), its subsequent

cataleptic response was dose-dependently inhibited (Figure 5, 6
and 7). Yohimbine was also found to suppress the cataleptic
response to haloperidol (Figure 8).

Figure 2 The cataleptic e�ect of the D2 receptor antagonist loxapine
(0.03 ± 3 mg kg71, administered s.c. at t=0) determined at 60 min
intervals over a 300 min period. Data represent mean values+s.e.-
mean of groups of 10 rats. Loxapine induced signi®cant catalepsy at
0.1 ± 3 mg kg71 (t-test with Bonferroni correction for multiple
comparisons; *P50.05, **P50.01, ***P50.001).

Figure 3 The cateleptic e�ect, determined at 60 min intervals over
300 min or 360 min period, of iso-clozapine (1 and 3 mg kg71, s.c.)
and the absence of a cateleptic response to iso-loxapine (1 ±
10 mg kg71, s.c.). Data represent mean values+s.e.mean of groups
of 10 rats. Iso-clozapine (1 mg kg71) induced signi®cant catalepsy at
t=120 min (**P50.01; t-test with Bonferroni correction). Scores for
iso-clozapine (3 mg kg71) at times 60 ± 300 min were 45+0 s.

Figure 4 Inhibition of loxapine (0.3 mg kg71)-induced catalepsy by
iso-loxapine (0.3 or 1 mg kg71). Both compounds or respective
solvent were injected s.c. at t=0 min. Catalepsy was measured at
60 min intervals during a 300 min period. Iso-loxapine inhibited
loxapine-induced catalepsy at t=60 (***P50.001; t-test with
Bonferroni correction). Data represent mean values+s.e.mean of
groups of 10 rats.

Table 2 The a�nity of clozapine, loxapine and their regio-isomers for various monoamine receptor subtypes. The data shown are the
mean pKD values (+s.e.mean) of three independent measurements. Values in parenthesis indicate the respective di�erences from the
pKD values for clozapine

Non-cataleptogenic Cataleptogenic
Receptor Clozapine Iso-loxapine Loxapine Iso-clozapine

D1 6.29+0.15 7.35+0.05 (1.06) 7.01+0.14 (0.72) 7.21+0.25 (0.92)
D2 6.90+0.09 7.19+0.06 (0.29) 7.82+0.06 (0.92) 7.20+0.22 (0.3)
5-HT1A 6.70+0.05 6.98+0.10 (0.28) 5.50+0.22 (71.2) 5.45+0.19 (71.25)
5-HT1B/1D 6.17+0.12 6.62+0.24 (0.45) 5.74+0.13 (70.43) 5.92+0.22 (70.25)
5-HT2A 7.51+0.03 7.66+0.12 (0.15) 8.05+0.15 (0.54) 7.84+0.10 (0.33)
5-HT2C 7.93+0.08 7.96+0.12 (0.03) 7.55+0.22 (70.38) 7.78+0.14 (70.15)
a1 7.44+0.21 7.84+0.15 (0.40) 7.19+0.07 (70.25) 6.97+0.06 (70.47)
a2 6.76+0.11 6.78+0.11 (0.02) 6.02+0.11 (70.74) 5.65+0.14 (71.11)
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E�ects of a2-adrenoceptor antagonists on catalepsy
induced by SCH 23390 and MDL 100,151

Since clozapine has been found to be unable to block catalepsy
induced by the dopamine D1 receptor agonist, SCH 23390
(Kalkman et al., 1997) and yet to inhibit the catalepsy induced

by the 5-HT2A receptor antagonist, MDL 100,151 (Kalkman et
al., 1998), the e�ects of a2-adrenoceptor blockade on SCH

23390- and MDL 100,151-induced catalepsy were tested.
Neither yohimbine (10 mg kg71) nor RX821002 (3 mg kg71)
a�ected the cataleptic response to the D1 receptor antagonist,

SCH 23390 (Figure 9), whilst both compounds abolished the
response to the 5-HT2A receptor antagonist, MDL 100,151
(Figure 10).

Table 3 The logarithmic di�erences between the pKD

values of clozapine, loxapine and their regio-isomers for
dopamine D2 and their pKD values for other receptor
binding sites

Non-cataleptogenic Cateleptogenic
Receptor Clozapine Iso-loxapine Loxapine Iso-clozapine

D1 0.61 70.16 0.81 70.01
5-HT1A 0.20 0.21 2.32 1.75
5-HT1B/1D 0.73 0.57 2.08 1.28
5-HT2A 70.61 70.47 70.23 70.64
5-HT2C 71.03 70.77 0.27 70.58
a1 70.54 70.65 0.63 0.23
a2 0.14 0.41 1.80 1.55

Figure 5 Inhibition of loxapine (0.3 mg kg71)-induced catalepsy by
yohimbine. Both compounds were injected s.c. at t=0 min. Catalepsy
were measured at 60 min intervals during a 300 min period. Data
represent mean values+s.e.mean of groups of ten rats. Signi®cant
inhibition of the e�ect of loxapine was observed after treatment with
yohimbine 1, 3 and 10 mg kg71 (** indicates P50.01; ***P50.001;
t-test with Bonferroni correction).

Figure 6 Inhibition of loxapine (0.3 mg kg71)-induced catalepsy by
RX821002. Both compounds were injected sc. at t=0 min. Catalepsy
was measured at 60 min intervals during a 300 min period. Data
represent mean values+s.e.mean of groups of ten rats. Signi®cant
inhibition of the e�ect of loxapine was observed after treatment with
all doses of RX821002 (* indicates P50.05; **P50.01; ***P50.001;
t-test with Bonferroni correction. RX821002 given alone did not
induce catalepsy (see Figure 9).

Figure 7 Inhibition of loxapine (0.3 mg kg71)-induced catalepsy by
MK-912 (0.3 and 1 mg kg71). Both compounds were injected s.c. at
t=0 min. Catalepsy was measured at 60 min intervals during a
300 min period. Data represent mean values+s.e.mean of groups of
ten rats. Signi®cant inhibition of the e�ect of loxapine was observed
after treatment with two doses of MK-912 (*indicates P50.05;
**P50.01; t-test with Bonferroni correction). MK-912 (1 mg kg71)
given alone did not induce catalepsy.

Figure 8 Inhibition of haloperidol (0.3 mg kg71)-induced catalepsy
by yohimbine (0.3 ± 10 mg kg71). Both compounds were injected s.c.
at t=0 min. Catalepsy was measured at 60 min intervals during a
300 min period. Data represent mean values+s.e.mean of groups of
ten rats. Signi®cant inhibition of the e�ect of haloperidol was observed
after treatment with yohimbine 1, 3 and 10 mg kg71 (* indicates
P50.05; **P50.01; ***P50.001; t-test with Bonferroni correction).
Yohimbine (10 mg kg71) given alone did not induce catalepsy.

Figure 9 Failure of yohimbine (10 mg kg71) or RX 821002
(3 mg kg71) to inhibit SCH 23390 (1 mg kg71)-induced catalepsy.
Combinations of compounds were injected s.c. at t=0 min. Catalepsy
was measured at 60 min intervals during a 300 min period. Data
represent mean values+s.e.mean of groups of ten rats, except in the
group that received SCH-23390 alone where n=20.
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Discussion

Consistent with previous ®ndings (Schmutz & Eichenberger,

1982; Sorensen et al., 1993; Ho�man & Donovan, 1995;
Kalkman et al., 1997), loxapine and iso-clozapine, but not
clozapine or iso-loxapine induced catalepsy in the rat. In fact,

both clozapine (Kalkman et al., 1997) and iso-loxapine
(present results) inhibited the cataleptic response to the typical
neuroleptic, loxapine.

The separation between the cataleptogenic and non-
cataleptogenic analogues of clozapine and loxapine coincides
with the positioning of the chlorine substituent in the tricyclic

dibenzazepine structure at C8 (Figure 1). The importance of
the halogen substituent in position 8 is further supported by
the atypical nature of the neuroleptics, ¯uperlapine (¯uorine in
position 8) and the thiophene-compound, NT 104-252

(chlorine in the equivalent position). This latter compound
(47 in Schmutz & Eichenberger, 1982) was found to have
`antipsychotic activity in man without appreciable extrapyr-

amidal side e�ects' (Hunziker et al., 1981). Unlike NT 104-252,
olanzapine carries its substituent in the thiophene ring, which
is comparable to the position of chlorine in loxapine and iso-

clozapine. Similar to loxapine and iso-clozapine, but in
contrast to clozapine, olanzapine causes catalepsy in rats
(Moore et al., 1993; Ho�man & Donovan, 1995; Kalkman et
al., 1997), which can be antagonized by clozapine (Kalkman et

al., 1997).
Many theories have been put forward to explain the low

cataleptogenic and EPS liability of clozapine in rats and

humans respectively, based on its a�nity for dopamine D2

relative to other receptors. Most notable are the suggestions
that its atypical pro®le is due to relatively high a�nity for

dopamine D1 receptors (Josselyn et al., 1997) or 5-HT2A

receptors (Meltzer et al., 1989). In a comparison of the binding
pro®le of twenty neuroleptic compounds, including clozapine

and ¯uperlapine, Meltzer et al. (1989) concluded that high D1

receptor a�nity was not involved. This conclusion is
supported by the present work in which similar D2/D1 ratios
were found for clozapine and loxapine despite their di�erences

in cataleptogenic activity.
By the same argument, the present results do not support a

role for 5-HT2A blockade in the suppression of catalepsy, as

proposed by Meltzer et al. (1989) and Leysen et al. (1993), who
found that clozapine displays high a�nity to 5-HT2A receptors
and only moderate a�nity to D2 receptors; the 5-HT2A/D2

hypothesis. Seeman et al. (1997b) investigated the D2, D4 and

5-HT2A a�nities of clozapine, iso-clozapine, loxapine and iso-
loxapine as well as other neuroleptics. Consistent with the
present ®ndings, these authors noticed that cataleptic and non-

cataleptic drugs have similar 5-HT2A/D2 ratios. Similar
conclusions have been made by Nutt (1994) and Kapur
(1996). It is also clear that selective 5-HT2A receptor

antagonists can induce catalepsy in the rat that is sensitive to
blockade by clozapine (Kalkman et al., 1998).

By contrast, both non-cataleptogenic compounds showed
much greater a�nity for 5-HT1 receptors than the catalepto-

genic derivatives and 5-HT1A ligands with low intrinsic
activity, such as buspirone, gepirone, BMY-7378 or NAN-
190, have been found to inhibit haloperidol- or ¯uphenazine-

induced catalepsy in rats (Elliott et al., 1990; McMillan et al.,
1988). Clozapine can also act as a partial agonist at 5-HT1A

receptors (Newman-Tancredi et al., 1996) but its anticataleptic

e�ect, in contrast to that of the 5-HT1A receptor agonist, 8-
OH-DPAT, could not be blocked by the 5-HT1A receptor
antagonist, WAY 100,635 (Bartoszyk et al., 1996). Conversely,
the low EPS liability of clozapine is unlikely to be caused by 5-

HT1A receptor blockade since the 5-HT1A receptor antagonist,
WAY 100,635 itself induced a cataleptic response, albeit at
high doses (Kalkman et al., 1998).

Clozapine and iso-loxapine, in contrast to loxapine and iso-
clozapine, displayed relatively high a�nity for 5-HT1B/1D

receptors. Whilst it is unknown whether clozapine acts as a

5-HT1B/1D receptor agonist, it seems unlikely that 5-HT1B/1D

receptor blockade is involved in clozapine's atypical pro®le,
since the selective 5-HT1B/1D receptor antagonist, GR127,935

did not a�ect loxapine-induced catalepsy (Kalkman et al.,
1998).
a1-Adrenoceptor blockade has also been suggested to

account for the atypical nature of clozapine (Baldessarini et

al., 1992; Prinssen et al., 1994). However, unpublished data
from our laboratory indicate that the a1-adrenoceptor
antagonists, prazosin, WB 4101 and BE 2254, if anything,

potentiate rather than inhibit D2-receptor-mediated cata-
lepsy.

Cholinergic receptor antagonists have been used extensively

to control the extrapyramidal side e�ects of neuroleptic drugs
and it has been hypothesized that the high muscarinic receptor
a�nity of clozapine could explain its low potential to induce
catalepsy in rats. However, clozapine, iso-clozapine (Schmutz

& Eichenberger, 1982) and olanzapine (Moore et al., 1993)
have similar high a�nity for muscarinic receptors, yet only the
latter two compounds are cataleptogenic. It seems unlikely,

therefore, that cholinergic mechanisms have a major in¯uence
on the anticataleptic properties of clozapine.

Since the two non-cataleptogenic drugs, clozapine and iso-

loxapine had considerable a�nity for the a2-adrenoceptor
binding site compared to loxapine and iso-clozapine, the e�ects
of a2-adrenoceptor blockade on catalepsy induced by loxapine
were investigated. The a2-adrenoceptor antagonists, yohim-
bine, RX 821002 and MK-912 all suppressed in a dose-related
fashion the cataleptic e�ect of loxapine. Yohimbine and RX
821002 (not shown) also inhibited haloperidol-induced

catalepsy, but, like clozapine, failed to inhibit catalepsy
induced by the D1 receptor antagonist, SCH 23390.

It is notable that, like clozapine (Kalkman et al., 1997) each

of the a2-adrenoceptor antagonists signi®cantly reduced
loxapine-induced catalepsy for only about a 2 h period;
thereafter catalepsy became increasingly severe. The reasons

for this may be pharmacokinetic, re¯ecting a shorter half-life
and lower Cmax of the compounds in brain compared to
loxapine. Further studies are required, however, to determine
the signi®cance of these temporal phenomena.

Figure 10 Inhibition of MDL 100,151 (3 mg kg71)-induced cata-
lepsy by yohimbine (10 mg kg71) or RX 821002 (3 mg kg71).
Combinations of compounds were injected s.c. at t=0 min. Catalepsy
was measured at 60 min intervals during a 300 min period. Data
represent mean values+s.e.mean of groups of ten rats, except the
group receiving MDL 100, 151 only, where the group size was n=20.
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Three di�erent subtypes of a2-adrenoceptors have been
characterized by molecular cloning and given the appellation,
a2A, a2B and a2C (for reviews see: Bylund et al., 1994; Kendall,

1996). The rat homologue of the human a2A receptor has a
somewhat di�erent binding pro®le and is, for historical
reasons, often referred to as a2D (Kendall, 1996). In

mammalian species presynaptic inhibitory a2-auto- and
heteroreceptors belong almost exclusively to the a2A/2D class
(Trendelenburg et al., 1997). It is possible that a2A/D-
adrenoceptor blockade could increase extracellular dopamine

and/or 5-HT availability and so suppress the neuroleptic-
induced catalepsy. Whether this involves interaction with D1

or 5-HT1A receptors is less clear, since although 5-HT1A, D1

and/or D2 receptor stimulation is known to block the
cataleptic response to SCH 23390 (Wadenberg, 1992; Verma
& Kulkarni, 1992), the a2-adrenoceptor antagonists did not.

As with clozapine (Kalkman et al., 1997; Bartoszyk et al.,
1996), the a2-adrenoceptor antagonists, yohimbine and
RX821002 did, however, inhibit the cataleptic response to D2

(haloperidol) and 5-HT2A (MDL 100,151) receptor blockade,

so clozapine could be inhibiting its own expression of catalepsy
via an interaction with a2-adrenoceptors. The e�ect of
clozapine on plasma noradrenaline levels in man (Breier et

al., 1994) is a clear indication that clozapine blocks a2-
adrenoceptors at therapeutic doses.

The hypothesis that a2-adrenoceptor blockade could

contribute to neuroleptic atypicallity is not new. Nutt (1994)
noted that atypical neuroleptics had a much greater a�nity for
a2-adrenoceptors than older drugs. Anderson (1985) reported

that reserpine-induced rigidity is blocked by yohimbine,
phentolamine and imiloxan in rats, whilst Gomez-Mancilla

& Bedard (1993) found that yohimbine reduced dyskinetic
movements in MPTP-treated monkeys.

With the presently available pharmacological tools it will be

di�cult to determine which of the a2-adrenoceptor subtypes is
involved in the anticataleptic activity of yohimbine and
clozapine, but both the a2B and a2C receptor subtypes are

interesting candidates. In the rat brain, a2B-adrenoceptors are
exclusively localised in the thalamus (Scheinin et al., 1994), an
area which is involved in psychotic processes in man
(Buchsbaum, 1995), and in sensorimotor gating and catalepsy

in rats (Young et al., 1995). On the other hand, a2C receptors
are found in high density in the caudate nucleus of many
species, including man (Ordway et al., 1993; PeraÈ laÈ et al., 1992)

and a2C-adrenoceptor `knock-out' mice display altered
dopamine turnover in the brain (Sallinen et al., 1997).
Interestingly, clozapine displays somewhat higher a�nity for

the human a2B and a2C receptor subtypes (pKD values of 7.7
and 8.0, respectively) than for human a2A receptors (pKD=7.3;
Schotte et al., 1996).

In conclusion, the present data strongly implicate a2-
adrenoceptor blockade as a primary principle in the anti-
cataleptic properties of clozapine. The possibility that this is
also the fundamental reason for the lack of extrapyramidal

side e�ects seen with the drug in the clinic deserves further
consideration.

The authors wish to thank Drs P. Pfae�i, P. Neumann and J.
Nozulak for synthesizing reference drugs and stimulating discus-
sions. We are indepted to JuÈ rg Kummer for his help with the
radioligand experiments.
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