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Abstract. Rats received therapeutically equivalent doses of
either haloperidol (1.7-1.9 mg/kg/day), sulpiride
(112—116 mg/kg/day) or clozapine (30—35 mg/kg/day)
continuously for 4 weeks. Treatment with haloperidol, but
not sulpiride or clozapine, caused inhibition of stereotyped
behaviour induced by apomorphine (0.125—0.25 mg/kg
SC). Following drug withdrawal for up to 7 days,
haloperidol and sulpiride, but not clozapine treatment
caused an exaggeration of stereotyped behaviour induced
by apomorphine.

B, values for striatal *H-spiperione binding were
elevated in animals treated for 2 and 4 weeks with
haloperidol, but not with sulpiride or clozapine. Following
drug withdrawal, haloperidol, but not sulpiride or cloza-
pine, treatment caused an increase in B,,, for striatal
H-spiperone binding.

B, values for striatal *H-NPA binding revealed no
change during haloperidol or clozapine treatment. Sulpir-
ide treatment for 1 week caused an increase in B, for
3H-NPA binding, which returned to control levels at 2 and 4
weeks. Following drug withdrawal, there was an increase in
B,,., for *H-NPA binding in rats treated with haloperidol
and sulpiride, but not clozapine.

On continuous treatment and following withdrawal
from haloperidol, sulpiride, or clozapine the ability of
dopamine to stimulate striatal adenylate cyclase activity did
not differ from that in control animals.

Repeated administration of sulpiride or clozapine may
not induce striatal dopamine receptor supersensitivity when
given in clinically relevant doses, although haloperidol
does.
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Chronic therapy with classical neuroleptic agents, including
haloperidol, is associated with the production of extrapy-
ramidal side-effects such as tardive dyskinesia. However,
the use of two structurally distinct antipsychotic agents,
clozapine, and sulpiride, has been claimed to cause only a
low incidence of motor side effects (Simpson and Varga
1974; Matz et al. 1974; Gerlach et al. 1974;
Alberts 1983).
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Repeated administration of classical neuroleptics to
rodents for several weeks, followed by drug withdrawal,
causes cerebral dopamine receptor supersensitivity. For
example, subchronic treatment with haloperidol increases
the number of striatal dopamine receptors (B,,,,) identified
by neuroleptic ligands such as *H-haloperidol (Burt et al.
1977), and causes an exaggerated stereotyped response to
apomorphine (Tarsy and Baldessarini 1974). Induction of
such changes may be responsible for the emergence of
drug-induced tardive dyskinesias in man.

If these changes are related to tardive dyskinesia, it
would be expected that drugs with a low propensity to
induce this unwanted effect might not produce altered
striatal dopamine receptor function on repeated adminis-
tration to rodents. However, the literature in this field is
controversial. In some studies, repeated administration of
sulpiride followed by drug withdrawal caused an exagger-
ated stereotyped response to apomorphine and an increase
in B, for striatal dopamine receptors identified by
3H-spiperone or 3H-N,n-propylnorapomorphine (NPA)
(Costall et al. 1978; Jenner et al. 1982; Fleminger et al.
1983). Others found that sulpiride administration did not
alter B, for striatal *H-spiperone binding (Trabucchi et al.
1980; Bannet et al. 1980; Fuxe et al. 1980). Similarly,
repeated administration of clozapine may cause either no
change in apomorphine-induced stereotypy or By, for
striatal >H-spiperone binding (Sayers et al. 1975; Gnegy et
al. 1977; Kobayashi et al. 1978; Racagni et al. 1980; Seeger
et al. 1982), or, alternatively, an increased intensity of
stereotyped behaviour, and an increase in By, for SH-spi-
perone binding (Smith and Davis 1976; Allikmets et
al. 1981).

Interpretation of these findings is complicated by the
use of different doses and durations of drug treatment in
different studies. In addition, the relevance of these
findings to man is not clear, since in many cases the doses
and route of administration employed (IP rather than PO)
were not based on those used therapeutically, and obser-
vations were carried out only following withdrawal of drug
treatment. In this study, we have, therefore, examined the
effects of repeated oral treatment with haloperidol, sul-
piride, or clozapine in equivalent dose ratios based on their
relative therapeutic potencies, on striatal dopamine recep-
tor function both during treatment and following drug
withdrawal. The average amounts of these drugs used in the
control of schizophrenia are approximately 0.9 mg/kg/day
for haloperidol, 20 mg/kg/day for sulpiride, and 6
mg/kg/day for clozapine (see Titeler and Seeman 1980;
Martindale 1982).



Materials and methods

Drug administration. Male Wistar rats (153 *+ 5g at the
start of the experiment; Bantin and Kingman) were housed
in groups of eight under standard conditions of laboratory
lighting (12 h light/dark cycle) and temperature (21 * 3° C).
Animals received food and drinking water as required. Rats
were randomly allocated to treatment with haloperidol (2
mg/kg/day), sulpiride (100 mg/kg/day) or clozapine (30
mg/kg/day) via their daily drinking water. Target drug
doses were based on the daily clinical doses used in the
control of schizophrenia (see Titeler and Seeman 1980;
Martindale 1982), increased five times to offset the
generally greater drug metabolising ability of the rat. A
stock solution of 10 mg/mi haloperidol (Janssen Pharma-
ceutica, Belgium) was dissolved in a minimum quantity of
glacial acetic acid and diluted to volume with distilled
water. Sulpiride (SESIF, France) was dissolved in a
minimum quantity of 2% v/v sulphuric acid and diluted with
distilled water to give a stock solution of 50 mg/ml.
Clozapine (Sandoz Products) was dissolved in a minimum
quantity of ZN hydrochloric acid and again diluted to
volume with distilled water to give a 10 mg/mi solution. In
each case, the pH of the stock solution was adjusted to
between 5.5 and 7.0 using 2 N sodium hydroxide prior to
further dilution with distilled drinking water. Housed
alongside the drug-treated animals were age-matched
control rats which received distilled drinking water
alone.

Animals were assessed behaviourally and biochemically
after 1, 2, and 4 weeks of drug treatment. No animal was
examined behaviourally on more than one occasion, and
animals examind biochemically had not been tested
behaviourally within the previous week. Rats were also
examined behaviourally and biochemically following with-
drawal of drug treatment for between 5 and 7 days.

Apomorphine-induced stereotyped behaviour. Stereotyped
behaviour induced by apomorphine hydrochloride
(0.0625-2.0 mg/kg SC in the neck, 15 min previously;
Sigma) was scored in six animals at each dose of
apomorphine from each drug treatment group as follows: 0
= animals indistinguishable from saline-treated controls;
1= discontinuous sniffing and continuous locomotor activ-
ity; 2 = continuous sniffing, discontinuous locomotor
activity; 3 = continuous sniffing with occasional licking,
gnawing or biting; 4 = continuous licking, gnawing or
biting; 5 = compulsive oral manipulation of faeces.

Specific striatal *H-spiperone binding. Specific *H-spipe-
rone (15.5 Ci/mmole, Amersham International) binding
was determined using a modification of the method of
Leysen et al. (1978). Rats from control and drug-treated
groups were killed by cervical dislocation and decapitation,
and the brains rapidly removed and placed on ice. The
paired corpora striata were dissected out and placed into
ice-cold 50 mM Tris-HCI buffer (pH 7.6). Specific binding
of *H-spiperone was determined using a range of six ligand
concentrations (0.1-4.0 nM) and defined in the presence
and absence of 107> M (—)-sulpiride. Specific binding was
determined in triplicate at each ligand concentration on
pooled striatal tissue from five animals from each group and
on three separate occasions. The final incubation buffer
contained 50 mM Tris-HCI (pH 7.4) with 120 mM sodium
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chloride. Data were examined by linear regression and
Scatchard analysis to obtain estimates of the number of
binding sites (Bpay; pmoles/g wet weight tissue) and the
equilibrium dissociation constant (Kp; nM).

Specific striatal >H-N,n-propylnorapomorphine (NPA)
binding. Specific *H-NPA (60 Ci/mmole; New England
Nuclear) binding was determined using a modification
(Hall et al. 1981) of the technique of Leysen and
Gommeren (1981) for *H-apomorphine binding. EDTA
(1mM) was incorporated into the homogenates and
incubation buffers throughout the procedure to reduce
non-specific binding. A range of six ligand concentrations
(0.05-2.0nM) was employed and specific binding was
defined in the presence and absence of (£)-ADTN
(10-®*M; 2-amino-6,7-dihydroxytetranaphthalene; Well-
come Laboratories). This concentration of ADTN is
approximately 60 times the 1Cs value for displacement of
SH-NPA binding; displacement occured to the same level as
found in the presence of an excess of dopamine antagonist
drugs. Higher concentrations of *H-NPA were not
employed because experiments in control animals had
shown the presence of a lower affinity site appearing at
ligand concentrations above 2.0 nM. Specific binding was
determined in triplicate at each ligand concentration on
pooled striatal tissue from five animals, and on three
separate occasions. Data were examined by linear
regression and Scatchard analysis to determine estimates of
the number of binding sites (B,,,; pmoles/g wet weight of
tissue) and equilibrium dissociation constant (Kp; nM).

Assessment of free neuroleptic drug levels in brain using a
reverse receptor binding technique. Free neuroleptic drug
concentrations in striatal homogenates from rats treated for
1 week with haloperidol, sulpiride, or clozapine were
estimated by the ability of samples of supernatant from such
preparations to displace in vitro *H-spiperone binding
(0.15 nM). The paired striata from three rats from each
drug group were homogenised in 2 ml 50 mM Tris HCl
buffer (pH 7.6) and centrifuged at 48,000 g for 10 min.
Striatal tissue from untreated control animals was prepared
in a similar manner; the supernatant was removed and
serial dilutions of haloperidol (10-®—~10712 M), sulpiride
(1075—1071 M) or clozapine (10~°—10"° M) were added
to samples of supernatant from control animals. These
concentrations of drug were employed for displacement of
specific striatal 3H-spiperone binding [defined in the
presence and absence of (—)-sulpiride (107> M)]. Free
concentrations of drug in the supernatant of tissue obtained
from rats treated with haloperidol, sulpiride, or clozapine
were determined by comparison of the displacement of
*H-spiperone binding with that induced by known amounts
of haloperidol, sulpiride, or clozapine added to supernatant
from control tissue. Results are expressed as the concen-
tration of drug per gram striatal tissue.

Dopamine-stimulated striatal adenylate cyclase activity.
Dopamine stimulation of striatal adenylate cyclase activity
was determined according to the method of Miller et al.
(1974). Three rats from each drug treatment and from the
control group were killed by cervical dislocation and
decapitation. The brain was rapidly removed, placed on
ice, and the paired corpora striata removed. Each pair of
striata was separately homogenised in ice-cold buffer
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(2 mM Tris maleate containing 2 mM EGTA pH 7.4) and
basal and dopamine hydrochloride (1—-150 uM; Sig-
ma)-stimulated adenylate cyclase activity determined in
duplicate at each dopamine concentration. The linear
portions of the sigmoid concentration-response curves were
subjected to linear regression analysis, and the stimulation
of cyclic AMP formation over basal activity produced by
50 uM dopamine expressed as pmoles cyclic AMP
formed/2.5 min/2 mg tissue.

Statistical analysis. Non-parametric stereotypv scores at
each dose of apomorphine were compared between control

and drug-treated groups by Kruskal-Wallis analysis of
variance of ranks; in cases where resulting H scores were
associated with a probability of less than 5%, groups were
further analysed by paired Mann Whitney U-tests. Recep-
tor binding data were subjected to linear regression analysis
to determine estimates of the slope (Kp) and the intercept
(Bhax). Estimated binding parameters in control and
drug-treated animals were compared by two-tailed Stu-
dent’s t-test. The stimulation of cyclic AMP formation
produced by 50 uM dopamine in striatal tissue from control
and drug-treated animals was compared by two-tailed
Student’s ¢-test.
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Fig. 1. Stereotyped behaviour induced ? 4 4
by apomorphine hydrochloride
(0.0625—-2.0 mg/kg SC 15 min
previously) in animals treated 3 3
continuously in drinking water for
1(A), 2 (B), or 4 (C) weeks and *
following subsequent drug withdrawal 2 5
for 5 days (D) of haloperidol (1.7-1.9
mg/kg/day), sulpiride {(112—126
mg/kg/day) or clozapine (30—35
mg/kg/day) compared to age-matched ! !
control animals. —[1— Control; — M- %
haloperidol; —@— sulpiride; —®—
clozapine. Overall differences between o Ton 55 ; ) 508 S 528 s :

the four groups were analysed using
the Kruskal-Wallis analysis of variance
of ranks at each time point

Dose of Apomorphine (mg/kg SC)

The following H scores and associated prolabilities at each dose of apomorphine were obtained

Dose of Duration of treatment (weeks)

apomorphine

(mg/kg) 1 2 4 Withdrawal
0.0625 12.3, P<0.01
0.125 11.2, P<0.01 12.1, P<0.01 10.8, P <0.05 10.1, P<0.05
0.25 12.4, P<0.01 9.6, P<0.05 9.0, P<0.05 7.2, P<0.05*
0.50 2.4, P> 0.05 5.1, P>0.065 4.8, P>0.05 5.9, P=10.05*
1.0 : 1.2, P>0.05 1.2, P>0.05 1.2, P>0.05 44, P>0.05
2.0 9, P>0.05 0, P>005 0, P>0.05

a Values were obtained by comparison of control, haloperidol, and sulpiride-treated groups only.
For data where H values were associated with a P < 0.05, groups were compared by paired Mann

Whitney U-tests

* P < 0.05 compared to age-matched control animals, Mann Whitney U-test. Values are the mean
+ 1 SEM scores obtained in six animals at each dose of apomorphine per drug-treatment group



Results

Drug intake. Neuroleptic drug solutions presented as
drinking water were readily acceptable to the rats. The
following average drug intakes were achieved over the
4-week period (mean + 1 SEM): haloperidol, 1.7—-1.9
mg/kg/day; sulpiride, 112—126 mg/kg/day, and clozapine
30—35 mg/kg/day. At the end of the study, animals had
approximately doubled in body weight to 315 + 8 g; there
was no difference in weight between control and
drug-treated animals. Throughout the study, neurolep-
tic-treated animals were indistinguishable from control
animals in appearance and health.

Free concenirations of neuroleptic drug in striatal fissue.
Specific binding of *H-spiperione to striatal tissue from
control animals was displaced in a concentration-dependent
manner by the supernatant from striatal homogenates
taken from control rats confaining either haloperidol
(107102 M), sulpiride (1075-10'" M) or clozapine
(107°—1071° M). Supernatant from striatal tissue from rats
treated for 1 week with haloperidol, sulpiride, or clozapine
also displaced in vitro *H-spiperone binding. Examination
of the displacement curves obtained with known amounts
of haloperidol, sulpiride, or clozapine revealed the follow-
ing free concentrations of neuroleptic drugs in the super-
natant of striatal tissue from haloperidol, sulpiride, or
clozapine-treated animals respectively: haloperidol, 1.3 X
10719 M; sulpiride, 5.2 X 1078 M, and clozapine,
2.4 x 1077 M per gram striatal tissue.

Apomorphine-induced stereotyped behaviour. After 1, 2,
and 4 weeks of continuous haloperidol treatment (1.7—1.9
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mg/kg/day), the stereotyped response to low doses of
apomorphine (0.125~0.25 mg/kg SC 15 min previously)
was reduced compared to control animals. Stereotypy
induced by higher doses of apomorphine (0.5—-2.0 mg/kg)
was not antagonised by haloperidol treatment (Fig. 1).
Administration of sulpiride (112—126 mg/kg/day) or clo-
zapine (30—35 mg/kg/day) to rats for 1, 2, or 4 weeks did
not alter stereotyped behaviour induced by any dose of
apomorphine (Fig. 1). When animals were withdrawn for 5
days from haloperidol treatment, the dose-response curve
for apomorphine-induced stereotypy (0.0625~0.5 mg/kg)
was shifted to the left. Stereotyped behaviour induced by
the highest dose of apomorphine (1.0 mg/kg) was not
exaggerated owing to the near maximal response obtained
in control rats (Fig. 1). In rats withdrawn from sulpiride
treatment for 5 days, stereotyped behaviour was
enhanced with some, but not all doses of apomorphine
(0.0625, 0.125, and 0.5 mg/kg). Following withdrawal
from clozapine treatment, there was no change in stereo-
typed behaviour by comparison to control animals

(Fig. 1).

Specific striatal *H-spiperone binding. In control animals,
total binding of *H-spiperone to striatal membranes
increased  with  increasing ligand  concentration
(0.1—-4.0 nM). Specific *H-spiperone binding was saturable
at high ligand concentrations (2.0—4.0nM) which on
Scatchard analysis showed a single site. Similarly, following
continuous treatment for up to 4 weeks with haloperidol,
sulpiride, or clozapine and following drug withdrawal,
evidence of saturability, and linearity of specific binding
was obtained (see Table 1).

Table 1. Specific striatal *H-spiperone (0.1—4.0 nM) binding sites (Bp.,) and equilibrium dissociation
constant (Kp) after 1, 2, and 4 weeks continuous administration and subsequent withdrawal of
haloperidol (1.7—1.9 mg/kg/day), sulpiride (112126 mg/kg day) or clozapine (30—35 mg/kg/day)

compared to age-matched control animals

Treatment Duration of Bax (pmoles/g Kp (nM) Correlation
treatment wet weight coefficient
(weeks) of tissue)

Control 1 282+24 0.12 = 0.001 0.97 £ 0.02
2 235+1.4 0.09 + 0.003 0.99 + 0.01
4 225%£19 0.09 + 0.005 0.98 £ 0.01
Withdrawal 234+1.2 0.10 = 0.006 0.97 £ 0.01

Haloperidol 1 338+£24 0.17 = 0.005* 0.98 £ 0.01
2 351+ 1.4% 0.18 £+ 0.003* 0.98 +0.01
4 38.7 £ 1.0% 0.17 £ 0.010* 0.98 £+ 0.01
Withdrawal 332+1.2% 0.13 + 0.004* 0.98 £ 0.01

Sulpiride 1 302+1.2 0.13 £ 0.011 0.98 £+ 0.01
2 27.4£1.3 0.13 + 0.008* 0.97 £ 0.01
4 28309 0.12 £ 0.080 0.97 £ 0.02
Withdrawal 243+14 0.10 £ 0.008 0.97 £0.01

Clozapine 1 31.7+1.1 0.15 £ 0.007 0.98 +0.01
2 266+ 1.4 0.10 + 0.007 0.97 £ 0.01
4 262+1.8 0.10 = 0.003 0.98 *= 0.01
Withdrawal 25.0x1.2 0.11 £ 0.012 0.98 = 0.01

Values are the mean (+ 1 SEM) for determinations carried out on three separate tissue pools from five
animals, examined in triplicate at each ligand concentration. Data were subjected to linear regression and
Scatchard analysis of mean data for each ligand concentration to obtain B,..x and K, values
Specific binding of *H-spiperone was defined using (~)-sulpiride (105 M)

* P < 0.05 compared to values in age-matched control animals, Student’s #-test
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Table 2. Specific striatal 3H-N,n-propylnorapomorphine (0.05-2.0 nM) binding sites (B,.) and
equilibrium dissociation constant (Kp) after 1, 2, and 4 weeks continuous administration and subsequent

withdrawal of haloperidol (1.7—1.9 mg/kg/day),
(30—35 mg/kg/day) compared to age-matched control animals

sulpiride (112—126 mg/kg/day) or clozapine

Treatment Duration of By (pmoles/g Kp (nM) Correlation
treatment wet weight coefficient
(weeks) of tissue)

Control 1 9.9+06 0.34 £ 0.80 0.91+0.03
2 132+ 0.6 0.32 £0.01 0.93 £ 0.02
4 9.3+04 0.24 £0.02 0.94 +0.02
Withdrawal 159+ 0.6 0.46 +0.02 0.97 £ 0.01

Haloperidot 1 9.9+12 0.42 £ 0.04 0.94 = 0.01
2 157+ 1.8 0.60 = 0.08* 0.88 £ 0.04
4 10.0 = 0.1 0.39 = 0.01* 0.91 +£0.03
Withdrawal 23.4 £ 1.2% 0.70 £ 0.10* 0.97 £ 0.01

Sulpiride 1 13.2 £ 0.8% 0.58 £ 0.13 0.95 + 0.01
2 13.0+ 0.9 0.31 £ 0.02 0.91 £ 0.01
4 10.3£0.3 0.28 £ 0.02 0.93 £ 0.01
Withdrawal 18.7 + 0.8* 0.53 £ 0.03 0.97 £ 0.01

Clozapine 1 11.6 £ 0.7 0.48 £ 0.12 0.95 £ 0.01
2 12,44+ 0.3 0.31 £ 0.01 0.93 £ 0.03
4 92102 0.24 £ 0.01 0.96 £ 0.01
Withdrawal 17.2+ 1.7 0.51 £ 0.03 0.95 £ 0.02

Values are the mean (+ 1 SEM) for determinations carried out on three separate tissue pools from five
animals examined in triplicate at each ligand concentration. Data were subjected to Scatchard and linear
regression analysis of mean data for each ligand concentration to obtain By, and Ky values

Specific binding of *H-NPA was defined using ADTN (107 M)

* P < 0.05 compared to value for age-matched control animals, Student’s #-test

After 1 week of haloperidol administration, B, for
striatal *H-spiperone binding was not different from values
obtained in striatal preparations from control animals.
After 2 and 4 weeks of haloperidol treatment, By, values
were elevated (Table 1). In contrast, treatment with either
sulpiride or clozapine did not alter By, values for specific
striatal *H-spiperone binding during the course of 4 weeks
treatment (Table 1). Following 7 days drug withdrawal,
B,.. was clevated in striatal tissue from rats treat-
ed with haloperidol, but not sulpiride or clozapine
(Table 1).

The dissociation constant (Kp,) was elevated at 1, 2, and
4 week of haloperidol treatment, and after 2 weeks of
sulpiride treatment, but not at other times (Table 1). Kp
was unaltered during clozapine treatment. After drug
withdrawal, K, was elevated in tissue from haloperidol but
not sulpiride or clozapine-treated animals (Table 1).

Specific striatal ’H-NPA binding. Total and specific striatal
SH-NPA binding in tissue from control and drug-treated
animals increased with increasing ligand concentration
(0.05—2.0 nM). Specific SH-NPA binding was saturable at
high ligand concentrations (1.0—2.0 nM). Saturability and
linearity of plots for SH-NPA binding was obtained after
drug treatment for up to 4 weeks with haloperidol,
sulpiride, or clozapine, and following drug withdrawal (see
Table 2).

Scatchard analysis of these data indicated that during
continuous treatment of rats with haloperidol for 1, 2, or 4
weeks, there was no change in By, for >H-NPA binding
(Table 2). Treatment with sulpiride for 1 week caused an
increase in By,,, which had returned to normal levels after 2
and 4 weeks. Clozapine administration for up to 4 weeks

had no effect on B,,, (Table2). After 7 days drug
withdrawal, B,,. for "H-NPA binding was elevated in
striatal tissue from rats treated with haloperidol and
sulpiride, but not clozapine (Table 2).

Kp, for >H-NPA binding was unchanged after 1 week of
haloperidol treatment, but was elevated after 2 and 4 weeks
(Table 2). Ky, was not affected by treatment for up to 4
weeks with either sulpiride or clozapine (Table 2). K, was
also elevated in tissue from animals withdrawn from
haloperidol, but not sulpiride or clozapine treatment
(Table 2).

Dopamine-stimulated striatal adenylate cyclase activity.
Dopamine (1—150 uM) caused a concentration-dependent
increase in cyclic AMP formation in striatal tissue from
control and drug-treated animals. There was no difference
in basal enzyme activity in the absence of dopamine in
tissue from control or drug-treated animals. The following
mean basal activities (= 1 SEM), expressed as pmoles cyclic
AMP formed/2.5 min/2 mg tissue, were obtained: control,
43 + 14; haloperidol-treated, 33 % 8; sulpiride-treated, 40
+ 8, and clozapine-treated, 33 = 7 (P < 0.05 by comparison
to control animals, Student’s #test). In the presence of
dopamine (50 uM), cyclic AMP formation was approxi-
mately doubled in all groups (Table 3).

The increase in cyclic AMP formation induced by
50 uM dopamine appeared reduced after 1 week of
haloperidol treatment, although this failed to reach sta-
tistical significance (Table 3). Dopamine-stimulated striatal
cyclic AMP formation in tissue from animals treated with
haloperidol, sulpiride, or clozapine did not differ from that
in control animals after 1, 2, or 4 weeks of treatment, or
following drug withdrawal (Table 3).



Table 3. Striatal dopamine (50 uM)-stimulated adenylate cyclase
activity after 1, 2, and 4 weeks continuous administration and
subsequent withdrawal of haloperidol (1.7—1.9 mg/kg/day), sul-
piride (112—126 mg/kg/day) or clozapine (30—35 mg/kg/day) com-
pared to age-matched control animals

Dopamine (50 uM)-stimulated
cyclic AMP

formation over basal
(pmoles/2.5 min/2 mg tissue)

Duration of
treatment
(weeks)

Treatment

29.5+3.0
252+49
271.9+£3.0
4.7+ 1.8

17.7+3.5
262+ 35
272+28
324+78

37178
36.8£3.8
27.0 4.4
400+58

312+ 1.6
33.9+ 8.7
263 %55
32.7£43

Control

ithdrawal

2#(\1&—‘

Haloperidol

ithdrawal
Sulpiride
ithdrawal

Clozapine

Withdrawal

* P <0.05 vs control animals, Student’s rtest, n = 3

Discussion

Many previous studies have shown that repeated admin-
istration of haloperidol for a few weeks, when followed by
drug withdrawal, induces behavioural supersensitivity to
apomorphine and increases the number of *H-spiperone
binding sites in the striatum (Tarsy and Baldessarini 1974;
Burt et al. 1977; Jenner et al. 1982). The present study was
designed to investigate whether the atypical neuroleptic
agents sulpiride and clozapine induce dopamine receptor
supersensitivity as classical neuroleptic compounds do,
when given in clinically equivalent dose ratios.

We found that withdrawal from continuous oral
administration of haloperidol induced behavioural super-
sensitivity to apomorphine, and that the number of
3H-spiperone binding sites was increased even during the
course of continuous haloperidol administration. This
indicates that the increased number of *H-spiperone
binding sites occurs as a consequence of haloperidol
administration independently of a period of drug withdra-
wal. As we have reported previously, those sites identified
by *H-NPA were also increased in number following
haloperidol withdrawal (Jenner et al. 1982). although there
was no change in B,,, for *H-NPA binding whilst drug
administration continued. This contrasts with the findings
of Goldstein et al. (1980), who reported no increase in
*H-NPA binding following withdrawal from haloperidol
treatment.

These data might be taken to indicate that agonist and
antagonist binding sites do not respond to continuous
neuroleptic treatment in an identical manner. The presence
of neuroleptic drug in the striatal preparations, however,
may complicate the interpretation of these findings. Whilst
antagonist drugs displace antagonist ligands (such as
SH-spiperone) in a competitive manner, the displacement
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of agonist ligands (such as *H-NPA) by antagonists is not
competitive, but occurs by a mixed-type inhibition (Sibley
and Creese 1980; Leysen and Gommeren 1981). Hence,
B .ax values measured for SH-NPA binding in the presence
of continuing drug treatment may be only an apparent
value, and may be lower than values measured in the
absence of the neuroleptic drug. Such non-competitive
inhibition of H-NPA binding might be expected to cause
non-linearity of Scatchard plots (Leysen and Gommeren
1981). However, even in animals receiving neuroleptic
treatment, regression analysis did not reveal any deviation
from linearity, suggesting that neuroleptic present in the
tissue may not have reduced *H-NPA binding through
non-competitive inhibition.

The ability of apomorphine to induce stereotyped
behaviour was reduced in animals still receiving haloper-
idol, and was exaggerated only following drug withdrawal,
at a time when *H-NPA binding was increased.

Repeated treatment and subsequent withdrawal of
haloperidol in the present study failed to alter striatal
dopamine-stimulated adenylate cyclase activity, a finding in
agreement with previous studies (von Voigtlander et al.
1975; Rotrosen et al. 1975; Heal et al. 1976; Jenner et al.
1982), although others have observed an enhancement of
enzyme activity following such treatment (Gnegy et al.
1977). ‘

In contrast to haloperidol, sulpiride treatment did not
increase the number of striatal *H-spiperone binding sites
either during treatment or following withdrawal. It should
be pointed out, however, that in two previous studies from
this department, we have found that a high dose of sulpiride
(2 x 100 mg/kg) given as an IP bolus for 21 days did
increase *H-spiperone binding following drug withdrawal
(Jenner et al. 1982; Fleminger et al. 1983). In contrast, the
present study employed PO administration of sulpiride, the
drug being ingested freely over a period of several hours.
When given orally in man, the bioavailability of sulpiride
may be as low as 25% (Weisel et al. 1980). The differences.
between our previous and the present findings may,
therefore, relate to relatively low blood and brain levels of
sulpiride achieved by PO rather than IP dosage. Consistent
with this proposal, those investigators who failed to observe
an increase in “H-spiperone binding sites either adminis-
tered sulpiride PO (Bannet et al. 1980) or administered a
relatively low dose (20 mg/kg IP) (Trabucchi et al. 1980).
However, we were able to detect the presence of sulpiride
in brain tissue from rats treated with this drug. Although
(£)-sulpiride is some 120 times less potent than haloperidol
in displacing *H-spiperone binding in vitro (Creese et al.
1979a), the free brain drug levels of sulpiride achieved in
this study were 400 times higher than those of haloperidol.
Under these conditions, therefore, it is rather surprising
that the administration of haloperidol, but not sulpiride,
altered the number of striatal *H-spiperone binding sites.
Moreover, these observations indicate that the differential
effects of haloperidol or sulpiride treatment on striatal
dopamine receptors may not be attributable to the poor
brain penetration of sulpiride, since the dose of this
compound was only 50 times higher than that of haloper-
idol.

Unlike haloperidol, sulpiride treatment failed to alter
stereotyped behaviour induced by apomorphine while
animals were receiving the drug, but once treatment was
withdrawn, like haloperidol-treated rats, stereotyped
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behaviour was exaggerated, as as been observed previously
{Costall et al. 1978; Jenner et al. 1982; Fleminger et al.
1983). The failure of sulpiride to antagonise apomor-
phine-induced stereotypy during drug treatment may be
attributable to insufficient receptor occupation by this
compound. This interpretation is consistent with the ability
of sulpiride to induce dopamine receptor supersensitivity
when given in high doses, but is questionable for several
reasons. Firstly, sulpiride is a drug which on acute
administration, even in near toxic doses, does not inhibit
stereotyped behaviour (Costall and Naylor 1975), yet on
withdrawal, sulpiride treatment enhances this behaviour.
Secondly such enhancement occurred in the absence of any
apparent change in the number of 3H-spiperone binding
sites. Thirdly, the free brain drug levels of sulpiride
detected in this study were some 400 times higher than
those of haloperidol; under these conditions both com-
pounds would be expected to occupy dopamine receptor
sites as judged from their in vitro potencies in displacing
H-spiperone binding (Creese et al. 1979a). Rather, the
behavioural effects of sulpiride appear to correlate more
closely with sites identified by >H-NPA, which were mostly
unaltered during sulpiride treatment, but were increased
following its withdrawal. This finding is in contrast to the
currently held view that the functional effects of neuroleptic
drugs correlate with changes in sites labelled by neuroleptic
ligands. It is not clear why sulpiride treatment should have
caused a selective increase in *H-NPA and not *H-spipe-
rone sites. In vitro binding assays do not indicate a
selectivity of sulpiride at H-NPA rather than *H-spiperone
binding sites. However, it is known that the binding site for
SH-sulpiride differs from that labelled by other groups of
neuroleptic drugs; there is an absolute dependency on the
presence of sodium ions for specific binding (Theodorou et
al. 1980). One possible explanation may be that the
SH-sulpiride site is more closely related to the *H-NPA site
than the *H-spiperone site. This possibility is suggested
indirectly by the differentiation of agonist and antagonist
binding sites according to their sensitivity to guanyl
nucleotides (Creese et al. 1978, 1979b). Guanosine tri-
phosphate is thought to be involved in the coupling between
D-1 receptors and adenylate cyclase. Although sulpiride is
an antagonist of dopamine receptors not linked to adeny-
late cyclase, this compound may modulate cyclic AMP
formation in striatal prisms (Stoof and Kebabian 1981).
Such modulating processes in other neurotransmitter
systems may be sodium-dependent. Potentially, therefore,
both sulpiride and NPA may be able, indirectly, to
modulate the activity of adenylate cyclase-linked receptors.
However, in the present study, sulpiride treatment, like
haloperidol, did not alter the ability of dopamine to
stimulate adenylate cyclase activity either during treatment
or following withdrawal.

Administration of clozapine to rats, unlike haloperidol
or sulpiride, did not alter any parameter of dopamine
function examined, whether during drug treatment or after
drug withdrawal. This is in agreement with many previous
studies showing that dopamine receptor supersensitivity is
not induced by repeated clozapine treatment (Sayers et al.
1975; Gnegy et al. 1977; Kobayashi et al. 1978; Racagni et
al. 1980; Seeger et al. 1982). In two other studies, however,
clozapine treatment increased both the stereotyped re-
sponse to apomorphine and the number of striatal *H-spi-
perone binding sites (Smith and Davis 1976; Allikmets et al.

1981). The reason for the discrepancies in these studies is
not clear. In previous studies, even when the same dose of
clozapine was used (20 mg/kg/day IP) for the same duration
(3 weeks), opposite findings have been obtained in
independent studies (Allikmets et al. 1981; Seeger et al.
1982). The failure of clozapine to alter striatal dopamine
function in the present study appears unlikely to be due to
insufficient dosage levels, since the brain concentration of
clozapine achieved was nearly 2,000 times higher than that
for haloperidol, and yet clozapine is only 60 times less
potent than haloperidol in displacing *H-spiperone binding
in vitro (Creese et al. 1979a). As for sulpiride, it would
appear that the atypical actions of clozapine are not
attributable to poor brain penetration by this compound
since it was administered in a dose only 15 times higher than
that of haloperidol.

Whilst clozapine does possess demonstrable dopamine
receptor antagonist acitivity, as evidenced by the elevation
of cerebral dopamine turnover (Anden and Stock 1973;
Bartholini 1967), in vitro inhibition of adenylate cyclase
activity (Clement-Cormier et al. 1974), and *H-neuroleptic
binding (Creese et al. 1979a), and the induction of catalepsy
{Costall and Naylor 1975), such activity is weak by
comparison to other neuroleptic drugs, and may not be
sufficient to cause striatal dopamine receptor supersensi-
tivity. Only a small proportion of *H-clozapine binding is to
cerebral dopamine receptors (Burki 1980) and, in partic-
ular, the high anticholinergic activity of this drug is believed
to protect against the emergence of striatal dopamine
receptor supersensitivity (Miller and Hiley 1974; Snyder et
al. 1974).

In conclusion, we have found that repeated adminis-
tration of clinically relevant doses of haloperidol, sulpiride,
and clozapine affect striatal dopamine function in different
ways and that these findings cannot be attributed to
differences in the brain levels of these compounds. Our
observations may be of importance with respect to the low
incidence of extrapyramidal side-effects induced by sulpir-
ide and clozapine in man.
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