NEUROPSYCHOPHARMACOLOGY 1994—VOL. 11, NO. 3

167

Phencyclidine- and Dizocilpine-Induced
Hyperlocomotion Are Differentially Mediated

Sven Ove Ogren, Dr.Med.Sc. and Menek Goldstein, M.D.

The dopamine (DA) D; agonist quinpirole and the D
receptor antagonists, haloperidol, raclopride, and
remoxipride, were examined for their ability to block the
locomotion induced by the noncompetitive N-methyl-D-
aspartate (NMDA) receptor antagonists phencyclidine
(PCP) and dizocilpine, both given in equipotent doses.
Quinpirole, given in a “DA D> autoreceptor selective”
dose (0.01 mg/kg), failed to influence the motor
stimulation by PCP. On the other hand, the locomotor
response induced by dizocilpine was significantly reduced
by quinpirole. The three DA receptor antagonists blocked
dose dependently the motor stimulation produced by both
the low (2 mg/kg) and the high dose (3 mg/kg) of PCP.
Haloperidol and remoxipride also blocked dose
dependently and fully the stimulation produced by the
low dose (0.1 mg/kg) of dizocilpine, whereas raclopride

partially reduced the effect. The motor stimulation
produced by the high doses of dizocilpine (0.2 mg/kg) and
PCP (3 mg/kg) was reduced by haloperidol and raclopride
only in cataleptogenic doses. Remoxipride, in contrast,
fully blocked the effects of both PCP (3 mg/kg) and
dizocilpine (0.2 mg/kg) in noncataleptogenic doses. These
data suggest that different mechanisms of action may
account for the motor stimulatory effects of PCP and
dizocilpine. At the presynaptic level, PCP and dizocilpine
may differ in the way they act on “regulatory” NMDA
receptors controlling neuronal activity in midbrain
neurons, and at the postsynaptic level they may interact
with subtypes of NMDA receptors differentially coupled
to subpopulations of D, receptors.
[Neuropsychopharmacology 11:167-177, 1994]
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Evidence accumulated during the past decade has led
to the suggestion that a deficiency in the action of the
excitatory amino acid (EAA) glutamate may be part of
the pathogenesis of schizophrenia (Kim et al. 1980;
Deutch et al. 1989). This hypothesis is partly based on
anatomical, pharmacological, and electrophysiological
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findings suggesting that dopaminergic (DA) and gluta-
matergic neurons may interact reciprocally in structures
of the brain implicated in schizophrenia, (e.g., in the
dorsal and ventral striatum) (Kalivas et al. 1989; Imper-
ato et al. 1990; Werling et al. 1990). Further evidence
is provided by the observation that the dissociative
anaesthetic phencyclidine (PCP), which interferes with
glutamatergic neurotransmission in the brain, produces
a syndrome in humans that is similar to schizophrenia
(Luby et al. 1959; Javitt and Zukin 1991).

Systemic administration of PCP, which acts as a
noncompetitive antagonist at the ion channel associated
with the N-methyl-D-aspartate (NMDA) glutamate
receptor (Lodge et al. 1988; Reid et al. 1990; Javitt and
Zukin 1991), induces a complex behavioral syndrome.
In low doses, the behavioral effects of PCP are charac-
terized by enhanced locomotor activity and in higher
doses by various types of stereotypies (head weaving,
licking) usually accompanied by hind-limb ataxia (Stur-
geon et al. 1979; Clineschmidt et al. 1982; Contreras et
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al. 1986; Wong and Kemp 1991). Although PCP affects
several neurotransmitters, the behavioral and psy-
chotominetic effects of PCP have been explained either
as a result of NMDA receptor blockade (Johnston and
Jones 1990; Javitt and Zukin 1991) or an indirect facili-
tation of dopaminergic (DA) transmission (French and
Vantini 1984; French et al. 1985; Johnston 1987).

Several studies have suggested that the locomotor
stimulation elicited by PCP, like that of d-amphetamine,
may be mediated via enhancement of presynaptic
mesolimbic DA transmission (French and Vantini 1984;
French et al. 1991). For instance, lesion studies with
6-hydroxy-dopamine (6-OHDA) have shown that the
PCP-induced motor stimulation depends at least partly
on an intact mesolimbic DA system (French and Van-
tini 1984). Biochemical findings indicate also that PCP
enhances presynaptic DA functions within the nucleus
accumbens and striatum (French et al. 1985). Thus, PCP
increases *H-DA release in striatal slices (Snell et al.
1984), inhibits the neuronal uptake of DA (Javitt and
Zukin 1991), and has also been shown to cause an in-
crease in striatal and mesolimbic dihydroxyphenylacetic
acid (DOPAC) and homovanillic acid (HVA) levels
(Deutch et al. 1987; Chapman et al. 1990; Rao et al. 1990).
Additional studies using in vivo microdialysis have
shown that the extracellular DA concentrations in the
nucleus accumbens and striatum are markedly in-
creased after IP administration of PCP (Carboni et al.
1989; Lillrank et al. 1991). On the other hand, PCP and
PCP-like drugs have been shown to enhance the firing
rate in ventral tegmental A1 neurons with a potency
that was directly correlated to their affinity as noncom-
petitive NMDA receptor antagonists (French and Ceci
1990). Thus, these studies indicate that PCP may elicit
hyperactivity via different mechanisms.

The physiological and behavioral effects of PCP are
reported to be similar to those of the selective and non-
competitive NMDA antagonist dizocilpine (MK-801)
(Koek et al. 1988; Tricklebank et al. 1989; Willetts et al.
1990), which binds with high selectivity to the open state
of the NMDA receptor-coupled ion channel (Wong et
al. 1986; Wong and Kemp 1991). Phencyclidine and
dizocilpine affect DA neurons at the presynaptic level
as they increase midbrain DA cell activity and DA neu-
ronal firing rates (Freeman and Bunney 1984; French
and Ceci 1990; Rao et al. 1990; Murase et al. 1993). De-
spite these similarities, the dopaminergic involvement
behind the locomotor stimulation caused by dizocilpine
is equivocal. Dopamine receptor antagonists acting at
both the D1 and Ds receptors, which readily block the
locomotor stimulation by PCP, have been shown to
block the locomotor stimulation by dizocilpine in some
studies (Clineschmidt et al. 1982; Hoffman 1992;
Ouagazzal et al. 1993) but not in others (Carlsson and
Carlsson 1989; Raffa et al. 1989). Moreover, dizocilpine
was found to cause locomotor stimulation in mono-
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mine-depleted mice via a monoamine-independent
mechanism (Carlsson and Carlsson 1989), although this
finding has recently not been confirmed (Goodwin et
al. 1992).

Although dizocilpine, like PCP, is reported to en-
hance DA functions in the brain (Liljequist et al. 1991;
Clineschmidt et al. 1982) indicated by increased DA me-
tabolism or turnover (Hiramatsu et al. 1989; Liljeqvist
et al. 1991; Loscher et al. 1991; Murase et al. 1993), the
evidence for an increase in DA release has remained
inconclusive. Experiments in vitro with synaptosomes
(Clineschmidt et al. 1982) and experiments with push-
pull cannulae implanted in the vicinity of the striatum
(Martin 1986) failed to show any effect of dizocilpine
on DA release. Moreover, based on in vivo microdialy-
sis in awake rats one study reported that when dizocil-
pine was infused through the probe it increased DA
release in both the nucleus accumbens and the stria-
tum (Imperato et al. 1990), whereas another microdial-
ysis study in anaesthetized rats found that dizocilpine
blocked the NMDA-induced increase in striatal DA re-
lease without producing any effect of its own (Morari
et al. 1993). In freely moving rats, IP administration of
dizocilpine (0.25 to 2 mg/kg) reduced extracellular lev-
els of DA and did not change the levels of DOPAC in
the striatum (Kashihara et al. 1990).

The present series of experiments was designed to
examine the dopaminergic mechanisms underlying the
locomotor-stimulatory effect of PCP and dizocilpine.
For this purpose we used low doses (2 and 3 mg/kg)
of PCP and dizocilpine (0.1 and 0.2 mg/kg), which pro-
duce approximately equal increases in locomotor activ-
ity in the rat. Alow-dose regimen is important because
PCP in higher doses (>5 mg/kg) also influences sero-
tonergic activity in the brain, which contributes to its
behavioral effects (Hiramatsu et al. 1989). Moreover,
although PCP, unlike dizocilpine, also has affinity for
sigma binding sites, the affinity of PCP for the sigma
site is less than one tenth of that for the NMDA recep-
tor sites (see Javitt and Zukin 1991). Therefore, it seems
unlikely in the doses used that PCP will exert a
significant action on sigma receptor functions.

To analyze the role of pre- and postsynaptic DA
receptor mechanisms, we studied whether the D>
agonist quinpirole or the DA D, antagonists haloper-
idol (Hyttel 1978), remoxipride and raclopride (Ogren
et al. 1984; 1986; Kohler et al. 1985) could differentially
block the locomotor stimulatory effects induced by PCP
and dizocilpine. Quinpirole (LY171, 555) has been
shown to be a highly selective agonist of the DA D;
receptor both in vitro and in vivo (Tsuruta et al. 1981;
Titus et al. 1983). When given at low doses, quinpirole
preferentially stimulates DA D> autoreceptors and
thereby reduces the firing of DA cells in the substantia
nigra pars compacta and the ventral tegmental area
(Carlson et al. 1987). Both remoxipride and raclopride
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are highly selective D, receptor antagonists both in
vitro and in vivo (Ogren et al. 1984, 1990; Kohler et al.
1985), whereas haloperidol is a preferential DA D an-
tagonist, which in high doses also blocks DA D1 recep-
tors (Christensen et al. 1984).

METHODS
Animals

Male Sprague-Dawley rats (A-Lab, Sollentuna, Sweden)
weighing 240 to 300 g at the start of the experiments
were housed in groups of four in type IV Macrolon cages
with free access to pellets and water. They were kept
under standardized laboratory conditions (temperature
21 + 1°C, 40 to 50% humidity) and light conditions with
a 12-hour light/dark cycle (light on at 07.00 hours).

Compounds

The following test compounds were used: quinpirole
hydrochloride (LY171,555), the levoratory isomer of
LY141,865 [trans-4,4a,5,6,7,8,8a,9-octahydro-5-propyl-
1H (or 2H)-pyrazolo[3,4-g]quinoline, (Eli Lilly, Indi-
anapolis) was dissolved in saline (0.9% NaCl) (pH ~6);
raclopride (Astra Arcus AB, Sodertilje, Sweden) (pH
~5) and remoxipride hydrochloride monohydrate (As-
tra Arcus AB) (pH ~5.5) were dissolved in saline;
haloperidol (Sigma, St Louis, MO), was dissolved in
a few drops of acetic acid and distilled water, and the
pH of the solution was adjusted to pH 4 to 5 us-
ing NaOH. Dizocilpine (MK-801) [(+)-5-methyl-10,11-
dihydro-5H-dibenzol[a,d]cyclohepten-5,10-imine male-
ate] (Sigma) and phencyclidine hydrochloride (PCP)
(Sigma) were both dissolved in saline. The test com-
pounds were injected SC into the neck in a volume of
2 ml/kg or in a volume of 5 ml/kg IP.

Experimental Design

The behavioral testing was performed between 08.00
and 15.00 hours during the light period. The rats were
only used once, and eight rats were randomly assigned
to each treatment group. In each set of experiments,
concurrent controls were always used and treated ei-
ther with saline or PCP/dizocilpine. The rats were first
accustomed to the experimental room for at least 30
minutes prior to the experiment and then placed indi-
vidually in the locomotor cages for an additional 40
minutes” habituation period. Following the injection of
PCP or dizocilpine, the rats were again placed in the
locomotor cages. In most studies, locomotion was
recorded for a period of 60 minutes after PCP injection
and 120 minutes after injection of dizocilpine. Due to
differences in the temporal effects of the two com-
pounds (Figure 1), the periods 0 to 60 minutes after PCP
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Figure 1. The temporal effects of PCP and dizocilpine on
locomotion. Groups of 8 to 12 male rats were habituated for
a period of 40 minutes in the locomotor cages. Following SC
injection of PCP (1, 2, and 3 mg/kg), dizocilpine (0.1and 0.2
mg/kg) or saline (2 ml/kg), the rats were again placed in the
locomotor cages. Locomotor activity was recorded for a 60-
minute period after PCP and for a 120-minute period after
dizocilpine. The results show the mean values + SEM for each
5-minute measurement period following injection of PCP or
dizocilpine. The following mean counts + SEM were obtained
for the accumulated 60-minute recording period for PCP: 1
mg/kg = 56 + 7.5; 2 mg/kg = 124 + 13.5; and 3 mg/kg =
229 + 36. The mean values for the 20- to 80-minute period
of recording, (e.g., 60-minute) recording period for dizocil-
pine were: 0.1 mg/kg = 94 + 17; 0.2 mg/kg = 251 + 63.

injections and 20 to 80 minutes after dizocilpine injec-
tions were used for the subsequent statistical analysis.

Locomotion, motility, and rearing were recorded
simultaneously in twelve computerized locomotor
cages (Motron Products, Sweden) as described previ-
ously (Ogren et al. 1979). The behavioral effects of the
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treatment were assessed and sniffing, ataxia, oral
stereotypies, and head-weaving were scored. In addi-
tion, the ability of the DA antagonists to induce
catalepsy in the bar test was examined as described else-
where (Ogren et al. 1994a).

One- and two-factor analysis of variances was used
to determine F ratios and levels of significance of drug
effects in the dose response studies. Post hoc analyses
were conducted by Student’s ¢-test or Dunnett’s test
when appropriate. Multiple group comparisons were
performed using the Fisher's PLSD test. The dose-
dependency was evaluated by the Jonckheere-Terpstra
trend test (Hollander and Wolfe 1973).

RESULTS

The rats were acclimatized both to the experimental
room and to the locomotor cages prior to the experi-
ment to be able to study the locomotor response with-
out interference with spontaneous locomotion. Figure
1shows that this acclimatization procedure resulted in
a very low level of exploratory locomotion in the con-
trol group receiving saline. After the saline injection,
only a small locomotor response was observed during
the first 5 minutes of recording indicating an efficient
acclimatization to the locomotor cages.

Both PCP (1, 2, and 3 mg/kg) and dizocilpine (C.1
and 0.2 mg/kg) were found to produce a dose-
dependent increase in both locomotion and motility
while rearing activity was suppressed (only data on
locomotion are shown). Figure 1 shows that the loco-
motor stimulatory effects of dizocilpine and PCP
differed with respect to time. Thus, the peak effect af-
ter PCP was seen after 15 to 25 minutes followed by
a gradual decrease. The increase in locomotor activity
after dizocilpine was gradual and reached a steady-state
level after around 60 minutes at the 0.2 mg/kg dose.

The accumulated counts for a 60-minute locomo-
tor recording period were chosen as the measure of the
effectiveness for dizocilpine and PCP. Dizocilpine was
found to be approximately 15 times more potent than
PCP in inducing locomotion based on the 60-minute
period of recording (0 to 60 minutes after PCP injec-
tions and 20 to 80 minutes after dizocilpine injections)
(seelegend of Figure 1). This means that the 0.2 mg/kg
dose of dizocilpine was equipotent with the 3 mg/kg
dose of PCP, whereas the 0.1 mg/kg dose of dizocil-
pine was approximately equipotent with the 2 mg/kg
dose of PCP.

The 0.1 mg/kg dose of dizocilpine produced repeti-
tive, stereotyped behaviors such as sniffing, signs of
ataxia, and head-bobbing, but no apparent oral stereo-
typies or head-weavings. With the 0.2 mg/kg dose,
these behavioral symptoms were more pronounced,
and some animals displayed loss of righting reflexes.
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Unlike dizocilpine, PCP in a dose of 2 mg/kg caused
no signs of ataxia or head-bobbing, whereas the 3 mg/kg
dose of PCP exhibited stereotypies with a pattern simi-
lar to that of the 0.2 mg/kg dose of dizocilpine, with
the exception that no loss of righting reflexes was ob-
served.

The D3 receptor agonist quinpirole was examined
for its ability to modify the locomotor stimulation in-
duced by PCP and dizocilpine. Although the effect is
seemingly small due to the use of habituated rat, Figures
2 and 3 show that quinpirole (0.01 mg/kg) suppressed
the basal motor activity by approximately 50% com-
pared to the control group. Quinpirole did not alter the
motor stimulation caused by PCP because the two-factor
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Figure2. The effects of pretreatment with quinpirole on the
locomotor response induced by the low doses of PCP (2 mg/kg
SC) and dizocilpine (0.1 mg/kg SC). Separate groups of rats
(n = 8/group) were pretreated with the DA agonist quinpirole
(0.01 mg/kg SC) or saline (2 ml/kg SC) 10 minutes prior to
the injection of PCP or dizocilpine. Locomotion was measured
for a period of 0 to 80 minutes after the two NMDA-receptor
antagonists using the design presented in Figure 1. The results
show the mean values of the four treatment conditions for
each consecutive 5-minute measurement period. The insert
shows the mean total locomotion counts + SEM statistical
analysis during the 80 minutes following PCP or dizocilpine
injections. Statistical analysis was performed by ANOVA fol-
lowed by Dunnett’s multiple t-test: * p<.05, ** p<.01versus
the saline control group.
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ANOVA revealed no significant main effect of treatment
(Figures 2 and 3), and the multiple comparison test
failed to show any difference between the quinpirole
+ PCP tested groups versus the PCP treated groups
(p > .50). In contrast, quinpirole attenuated the loco-
motor stimulation by dizocilpine. Thus, the two-factor
ANOVA revealed a significant (p < .01) effect of treat-
ment. Multiple comparisons using Fisher’s PLSD test
revealed that quinpirole significantly reduced the effect
of dizocilpine given at both low (p < .001) and high
(p < .07) dizocilpine doses (Figures 2 and 3).

The three DA receptor antagonists produced a
dose-dependent (p < .001, Jonckheere’s trend test) and
complete blockade of PCP-induced locomotion given
at 2 mg/kg (Figure 3). With a dose of 0.3 pmol/kg,
haloperidol and raclopride reduced the effect of the
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2 mg/kg dose of PCP by approximately 60 to 70%,
whereas doses in the range of 1 to 3 pmol/kg were re-
quired for a total blockade of the stimulatory effect of
PCP. The corresponding doses for remoxipride were
3 and 40 pmol/kg, respectively. Haloperidol and raclo-
pride also caused a dose-dependent (p < .001) block-
ade of the locomotion induced by the 3 mg/kg dose of
PCP (Figure 4). However, cataleptogenic doses of both
haloperidol and raclopride were required for a 60 to 80%
inhibition of the effect by PCP. The PCP-induced loco-
motion was dose dependently (p < .001) reduced by
remoxipride in a manner different from that of raclo-
pride. Thus, the two highest doses of remoxipride (10
and 40 umol/kg) almost completely blocked (80 to 100%
inhibition) the effects of both the 2 and 3 mg/kg doses
of PCP.
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Figured. Effects of haloperidol, raclopride, and remoxipride
onlocomotion induced by PCP (2 and 3 mg/kg SC). Separate
groups of rats (n = 8/group) received IP administration of
haloperidol or saline 30 minutes prior to the injection of PCP.
In separate experiments, raclopride and remoxipride were
given SC 10 minutes and 30 minutes, respectively, prior to
the injection of PCP. Locomotion was measured for a period
of 0 to 60 minutes after PCP. The results show the mean values
of the integrated motor response + SEM as percentages of
values in the concurrent PCP-saline control groups. Statisti-
cal analysis was performed by ANOVA followed by individual
group comparisons versus the concurrent PCP-control group
using Dunnett’s multiple t-test: * p < .05, ** p < .01 versus
the PCP control groups.

Both haloperidol and remoxipride caused a dose-
dependent (p < .001), complete blockade of the
dizocilpine-induced locomotion (0.1 mg/kg) (Figure 5),
whereas raclopride in the range 0.3 to 3 pmol/kg par-
tially reduced the locomotor stimulation. A catalepto-
genic dose of haloperidol and raclopride (1 pmol/kg)
was required to reduce the locomotor stimulative effect
of the high dizocilpine dose (0.2 mg/kg) with approxi-
mately 60%. In contrast, the 1 to 10 pmol/kg doses of
remoxipride tended to enhance, whereas the 40
umol/kg dose completely blocked (p < .01) the locomo-
tor stimulation produced by the 0.2 mg/kg dose of
dizocilpine. It is notable that the dose-response curves
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Figure5. Effects of haloperidol, raclopride, and remoxipride
on locomotion induced by dizocilpine (0.1 and 0.2 mg/kg SC).
Separate groups of rats (n = 8/group) received IP adminis-
tration of different doses of haloperidol or saline 30 minutes
prior to the injection of dizocilpine. In separate experiments,
raclopride and remoxipride were given SC 10 minutes and
30 minutes respectively, prior to the injection of dizocilpine.
Locomotion was measured for a period of 20 to 80 minutes
after dizocilpine. The results show the mean values of the
integrated motor response + SEM as percentages of values
in the concurrent dizocilpine-saline control groups. Statisti-
cal analysis was performed by ANOVA followed by Dunnett’s
multiple ¢-test (in the case of the 40 pmol/kg dose of remox-
ipride versus the 0.3 mg/kg dose of dizocilpine, Student’s t-test
was used): * p<.05, ** p< .01 versus the dizocilpine control
groups.

of raclopride are flat and the maximal degree of inhibi-
tion of locomotor stimulation was in the range (40 to
60%) for both doses of dizocilpine.

To examine whether the effects on locomotion were
related to a nonspecific suppression of locomotor ac-
tivity, the DA receptor antagonists were tested for their
ability to induce catalepsy in the horizontal bar test. As
shown in Figure 6, both haloperidol and raclopride
caused a dose-dependent cataleptic effect (EDsp ~v1
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Figure 6. Cataleptic potency of the
tested compounds assessed using the
bar test. Groups (n = 8 to 16/group)
of rats were examined for bar test
catalepsy 20, 40, 60, 90, 120, and 240
minutes after administration. The
statistical analysis was performed
using Fischer’s exact test, comparing
the proportion of animals that reached
a mean value of descent latency of
2 15 seconds (the definition for
catalepsy) on the three test occasions
showing peak effects of response
with a saline control. The dotted line
indicates the level where 50% of the

T T T
25 5 10

Dose (umol/kg)

pmol/kg). Remoxipride, on the other hand, displayed
a flat dose-response curve and failed to produce a
significant cataleptic effect in the dose range 20 to 100
pmol/kg SC.

DISCUSSION

These results confirm earlier findings showing that
NMDA receptor blockade by noncompetitive antago-
nists can produce a dose-dependent stimulation of loco-
motor activity (locomotion and motility) (Johnston 1987;
Ford et al. 1989) similar to that observed after facilita-
tion of dopaminergic neurotransmission. Both PCP and
dizocilpine, however, reduced rearing activity, indicat-
ing that the effects of noncompetitive NMDA -receptor
blockade are only partly similar to the effects observed
after indirectly acting DA agonists (e.g., d-amphet-
amine, which increases rearing activity).

The locomotor effects of PCP and dizocilpine
differed in their potencies and time for peak effect.
Dizocilpine was approximately 15 times more effective
than PCP, which corresponds roughly with their
respective affinities (K4 values) for the NMDA chan-
nel binding site (see Javitt and Zukin1991), indicating
that their primary site of action is via NMDA-receptor
blockade. The late onset of the behavioral action of
dizocilpine is difficult to explain but suggests that PCP
and dizocilpine differ in their temporal association to
the NMDA receptor channel.

The major finding of this study is that the locomo-
tion response induced by PCP and dizocilpine can be
distinguished on the basis of their differential sensitiv-
ity to quinpirole and DA D; receptor antagonists. The
D: agonist quinpirole, given in a dose that preferen-
tially stimulates DA autoreceptors, failed to attenuate
the locomotor effect by PCA, whereas it significantly

T T T
20 30 4050 100

animals are cataleptic according to
this criterion. Significance levels:
*p<.05 ** p< .01, *** p<.001.

reduced the effect of dizocilpine. In addition, the D>
antagonists haloperidol, remoxipride, and raclopride
blocked the locomotor activity induced by both PCP and
dizocilpine. Haloperidol and remoxipride blocked dose
dependently the motor stimulation caused by the low
(0.1 mg/kg) dizocilpine dose, whereas raclopride pro-
duced a partial inhibition. The motor stimulation caused
by the high dizocilpine dose (0.2 mg/kg) was reduced
by haloperidol and raclopride only at doses that were
cataleptogenic (see Figure 5). In contrast, remoxipride
tended to enhance the locomotor stimulation by the
high dizocilpine dose in the dose range 1 to 10 pmol/kg,
whereas the remoxipride dose 40 pmol/kg completely
blocked the motor stimulatory effect. It is notable that
this dose of remoxipride did not induce catalepsy. All
three D antagonists dose dependently blocked the in-
duced locomotion caused by the low (2 mg/kg) PCP
dose. Haloperidol and raclopride significantly reduced
the locomotion induced by the high PCP dose (3 mg/kg)
only at cataleptogenic doses, whereas remoxipride
effectively blocked the high dose response by PCP with-
out causing catalepsy. Taken together, these results
suggest that the mechanisms underlying the behavioral
effects of locomotor stimulation of PCP and dizocilpine
differ.

The differential blockade of the locomotor stimu-
lation by these D; antagonists tested could not be ex-
plained by a nonspecific, suppressive effect on motor
performance because both haloperidol and raclopride
produced a dose-dependent cataleptic effect, whereas
remoxipride did not produce catalepsy in the dose range
tested (see below). Moreover, the ability of the tested
DA antagonists to suppress spontaneous locomotor ac-
tivity agrees well with their dose-dependent cataleptic
effects (Ogren et al. 1994a).

The observation that the motor stimulation by PCP
was not reduced by quinpirole suggests that the action
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of dizocilpine, but not that of PCP, involves a mecha-
nism regulated by D; autoreceptors. At the dose used,
quinpirole reduced spontaneous locomotor activity by
approximately 50%, presumably by stimulation of au-
toreceptors of the Dy type (see Stahle 1992). Stimula-
tion of DA D; receptors (autoreceptors) located on DA
neurons will lead to effects characteristic of reduced DA
transmission, such as decreases in firing rates of both
nigrostriatal and mesoaccumbens DA neurons (Carl-
son et al. 1987) as well as decreases in DA release in
vivo (See et al. 1991). Whether the differences of PCP
or dizocilpine may partly depend on a differential
modulation of discrete populations of DA neurons in
the brainstem or in the DA terminals differentially sen-
sitive to D2 autoregulation remains to be studied.
However, it is notable that, unlike dizocilpine, PCP
produces a bimodal, dose-dependent increase-decrease
in the firing rate of midbrain DA neurons at behaviorally
relevant doses (Freeman and Bunney 1984; French and
Ceci 1990; French et al. 1991). Moreover, PCP and
dizocilpine exert differential effects on the firing pat-
terns (firing rate versus burst firing) in the substantia
nigra and ventral tegmental area (Pawlowski et al. 1990;
Murase et al. 1993).

An alternative interpretation is based on the recent
finding that quinpirole binds with a 100-fold higher
affinity to the DA Dj receptor than to the D; receptor
(Lévesque et al. 1992). Because the DA Ds receptor ap-
pears to play an inhibitory role in the control of loco-
motion (Daly and Waddington 1992), like the D> recep-
tor (see Stahle 1992), it is possible that dizocilpine,
unlike PCP, may antagonize the (postsynaptic) DA D3
receptor population activated by quinpirole.

Some of the motor stimulating effects of PCP and
dizocilpine are most likely mediated via increases in
firing rates of DA neurons in the substantia nigra and
ventral tegmental area subsequent to NMDA-receptor
blockade (Freeman and Bunney 1984; French and Ceci
1990). The failure to detect any increased extracellular
accumulation of DA in most in vivo studies after dizocil-
pine (see Introduction) despite increase in DA neuronal
activity may seem paradoxical but is probably due to
the negligible effect of dizocilpine on the uptake and
release mechanisms of DA (Johnston and Jones 1990).
However, because the effect of PCP on neuronal firing
is combined with direct effects on the DA release and
uptake mechanisms (see Introduction), PCP injections
will result in detectable increases in extracellular DA.

The blockade of the effects of dizocilpine and PCP
by the D antagonists tested indicate that the hyper-
activity induced by both PCP and dizocilpine is depen-
dent upon dopaminergic mechanisms and that post-
synaptic DA D receptors play an important role in its
mediation. However, the differential blockade of the
effects of dizocilpine and PCP by the D: antagonists
tested indicate that these two NMDA antagonists differ
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with regard to their interaction with postsynaptic DA
receptors. A high degree of DA D; blockade (resulting
in catalepsy after haloperidol and raclopride) is required
to completely eliminate the stimulative action of the
high doses of PCP or dizocilpine. This indicates that
approximately 80 to 90% of the DA D; receptors in sev-
eral regions (e.g., both the striatum, the nucleus accum-
bens, and in the forebrain) have to be occupied follow-
ing haloperidol and raclopride (see Kéhler et al. 1985,
1992) to effectively antagonize the locomotor responses
to high doses of PCP and dizocilpine. This interpreta-
tion is consistent with the observation that a 6-OHDA-
induced depletion of accumbens DA by approximately
80% partially blocked (approximately 50% inhibition)
the locomotor response to PCP (French et al. 1991) but
failed to affect the response to dizocilpine (Ouagazzal
et al. 1993). These findings indicate that the hyperac-
tivity caused by PCP and dizocilpine is mediated by dis-
parate and multiple mechanisms. The observation that
remoxipride, unlike raclopride and haloperidol, can
block the high-dose locomotor responses of both dizocil-
pine and PCP at dose levels that do not cause catalepsy
or suppression of spontaneous locomotion (see Ogren
et al. 1990, 1994a) is also intriguing. This finding sug-
gests that remoxipride may affect dopamine-glutamate
receptor interactions in a manner that differs from other
DA D: receptor antagonists, probably by acting on
subtypes of DA D; receptors (see Ogren et al. 1994b).

The different results obtained in the PCP- and
dizocilpine-model with haloperidol, raclopride, and
remoxipride are unexpected in view of their high selec-
tivity for DA Dz receptors and negligible effects on
nondopaminergic receptors (Hall et al. 1986), includ-
ing the NMDA receptor binding sites (to be published).
The different findings for remoxipride and raclopride
may reflect actions on subtypes of DA D> receptors,
because their DA receptor blocking properties exhibit
similar but not identical patterns (see Ogren etal. 1986,
1990, 1994b). For instance, raclopride and haloperidol
have approximately equal affinity for the “human” DA
D and D3 receptors, whereas remoxipride has much
lower affinity for the D3 than for the D2 receptors
(Sokoloff et al. 1992; Mohell et al. 1993).

It has been suggested that the behavioral syndrome
induced by PCP represents an animal model of schizo-
phrenia (Tiedtke et al. 1990; Javitt and Zukin 1991) based
on the conjecture that reduced glutamate neurotrans-
mission at the NMDA receptors is directly or indirectly
related to the symptoms of the psychotic state (see
McKinney 1989). In this context, the present data sug-
gest that the clinical efficacy of both typical (haloperidol)
and atypical antipsychotic drugs (remoxipride) may in
part be mediated by indirect modulation of glutamate
transmission via DA receptors (see Hoffman 1992).
However, given the possible importance of this model
for schizophrenia, the different results obtained for
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quinpirole and the D; antagonists in the PCP model
are intriguing. These findings, therefore, suggest that
compounds acting as agonists at the D2 autoreceptors
may not have antipsychotic properties.

In conclusion, these results indicate that dopamin-
ergic neurotransmission plays an essential role in the
hypermotility response to PCP and dizocilpine and that
this response requires the activation of DA D; recep-
tors. Different glutamatergic and dopaminergic inter-
actions at both the pre- and postsynaptic levels could
explain the mode of action behind the motor stimula-
tion by PCP and dizocilpine. The differences between
PCP and dizocilpine indicate that they affect partly
different types of “regulatory” NMDA receptors that
control the neuronal activity in populations of midbrain
DA neurons. These neuronal groups are probably
differentially regulated by subtypes of D2 receptors.
The variation in the effects of the DA D: antagonists
tested suggests that PCP and dizocilpine also differ with
respect to the manner by which they influence the in-
teractions between DA D; and glutamate transmission
postsynaptic to the DA terminals. In view of the mo-
lecular diversity of glutamate receptors (Gasic and
Hollmann 1992), it is possible that dizocilpine and PCP
may interact at the postsynaptic membrane with differ-
ent subpopulations of NMDA receptors (see Monaghan
et al. 1989) with differential coupling to DA D; re-
ceptors.
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