
J Neural Transm [GenSect] (1991) 85:117-129 
Journal of 

Neural 
Transmission 

�9 by Springer-Verlag 1991 

A comparison between the non-competitive N M D A  antagonist 
dizocilpine (MK-801) and the competitive N M D A  antagonist 

D-CPPene with regard to dopamine turnover and 
locomotor-stimulatory properties in mice 

A. Svensson, E. Pileblad, and M. Carlsson 

Department of Pharmacology, University of G6teborg, G6teborg, Sweden 

Accepted February 19, 1991 

Summary. FolloWing intraperitoneal administration of the non-competitive 
N-methyl-D-aspartate (NMDA) antagonist dizocilpine (MK-801), levels of the 
dopamine (DA) metabolites 3,4-dihydroxyphenylacetic acid (DOPAC) and 
homovanillic acid (HVA) increased in mouse striatum and limbic forebrain. 
When dizocilpine was given to an~imals treated with NSD 1015, an inhibitor of 
3,4-dihydroxyphenylalanine (DOPA) decarboxylase and monoamine oxidase, 
there was an increase in levels of DOPA and 3-methoxytyramine (3-MT). These 
findings suggest that dizocilpine stimulates DA synthesis and release in mouse 
brain. Following dizocilpine treatment a clear-cut increase in spontaneous lo- 
comotor activity was observed, probably partly due to enhanced dopaminergic 
tone. The competitive NMDA antagonist D-CPPene produced locomotor stim- 
ulation as well, but in contrast to following dizocilpine treatment levels of 3-MT 
decreased. Thus the stimulation of locomotor activity following D-CPPene 
treatment does not seem to be mediated through activation of central dopa- 
minergic systems. However, haloperidol pretreatment antagonized this loco- 
motor response, indicating that the dopaminergic system plays a permissive 
role in this context. 

Keywords: Dizocilpine, D-CPPene, NMDA receptors, dopamine metabolites, 
locomotion, mouse. 

Introduction 

Previous work has shown that N-methyl-D-aspartate (NMDA) antagonists 
induce locomotor stimulation in rodents and that this effect partly depends on 
central catecholaminergic transmission. Clineschmidt et al. (1982 a) have shown 
that locomotor activity in mice is increased by the non-competitive NMDA 
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antagonist dizocilpine (MK-801), and that the dopaminergic antagonist halo- 
peridol and the a~-adrenergic antagonist prazosin block this effect. The com- 
petitive NMDA antagonist AP-5 (DL-2-amino-5-phosphonovaleric acid), in- 
jected into rat antero-dorsal striatum, induces sniffing and locomotion, which 
are reduced by haloperidol and the atypical neuroleptic clozapine (Schmidt, 
1986). Locomotor stimulatory properties of the competitive NMDA antagonist 
CGS-19755 (cis-4-phosphonomethyl-2-piperidine-carboxylic acid), a confor- 
mationally restricted AP-5 analogue, have also been reported in both rats and 
mice (Bennet et al., 1989). 

However, it has also been shown that the non-competitive NMDA antag- 
onists dizocilpine and phencyclidine (PCP), as well as the competitive NMDA 
antagonist D-CPPene (3-(2-carboxypiperazine-4-yl)-l-propenyl-l-phosphonic 
acid), can produce locomotor activity in akinetic, monoamine-depleted mice, i.e. 
mice pretreated with the monoamine depleter reserpine and the catecholamine 
synthesis inhibitor ~-methyl-para-tyrosine (Carlsson and Carlsson, 1989a; 
Carlsson and Svensson, 1990 b). From this can be inferred that these compounds 
are capable of stimulating locomotor activity independently of catecholamines. 

Furthermore, a dramatic synergism has been shown between catecholam- 
inergic agonists and NMDA antagonists, with regard to locomotor stimulation 
in monoamine-depleted mice. When dizocilpine, in an ineffective per se dose, 
is combined with one of the two %-adrenergic agonists clonidine (Carlsson and 
Carlsson, 1989b) or L-a-methyl-DOPA (Carlsson and Svensson, 1990b), a 
marked locomotor stimulation is induced. This synergism is also observed 
following combination of clonidine with D-CPPene or either of the non-com- 
petitive NMDA antagonists ketamine or PCP (Carlsson and Svensson, 1990 a, b). 

Recently, Rao et al. (1990 a) have shown that PCP and the PCP-like NMDA 
antagonists dexoxadrol, ketamine and dizocilpine enhance dopamine (DA) me- 
tabolism in rat mesocortical regions; in contrast, the competitive NMDA ant- 
agonists CGS- 19755 and CPP (3-(2-carboxypiperazine-4-yl)- 1-propyl- 1-phos- 
phonic acid) do not influence DA turnover. Taken together, the above men- 
tioned data suggest that locomotor stimulation following treatment with non- 
competitive NMDA antagonists partly is mediated through activation of central 
catecholaminergic systems, whereas locomotor stimulation following compet- 
itive NMDA antagonists is not. The purpose of the present investigation was 
to compare the PCP-like, non-competitive NMDA antagonist dizocilpine 
(Wong et al., 1986) to the competitive NMDA antagonist D-CPPene (Aebischer 
et al., 1989), with regard to both central DA turnover and locomotor stimulatory 
properties in mice. 

Material and methods 

Animals 

Male albino mice of the NMRI strain weighing 20-30 g were purchased from ALAB, 
Sollentuna. 
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Drugs 

Dizocilpine ((+)-5-methyl-10,11-dihydro-5H-dibenzo(a,d)cyclohepten-5,10-imine hydro- 
gen maleate; MK-801; Research Biochemical Inc., MA, USA), D-CPPene (3-(2-carboxy- 
piperazine-4-yl)-l-propenyl-l-phosphonic acid; SDZ EAA494; generously supplied by Dr. 
P. L. Herrling at Sandoz Research Institute, Berne) and NSD 1015 (3-hydroxybenzylhy- 
drazine hydrochloride; synthesized by the Organic Chemistry Unit of this department) were 
dissolved in physiological saline in an ultrasonic bath. Haloperidol (Leo) was dissolved in 
a few drops of glacial acetic acid and physiological saline. The drugs were injected intra- 
peritoneally (i.p.) in a volume of 10 ml/kg if not otherwise stated. 

Biochemical analyses 

The animals were killed by decapitation 60 rain. following administration of dizocilpine or 
D-CPPene, if not otherwise stated. In the experiments where aromatic L-amino acid de- 
carboxylase and monoamine oxidase (MAO) were inhibited, NSD 1015 was administered 
exactly 15 min. before decapitation. After decapitation the brains were immediately taken 
out and placed on an ice-chilled petri dish. The brains were dissected according to the 
method described by Carlsson and Lindqvist (1973 a) into the corpus striatum, the limbic 
forebrain (containing i.a. the nucleus accumbens and olfactory tubercles) and the remaining 
parts of the hemispheres (essentially cortex). The dissection parts were stored at - 70 ~ 
until they were analysed by high performance liquid chromatography with electrochemical 
detection according to standard principles. 

Locomotor registration 

Locomotor activity was measured by means of an "M/P 40 Fc Electronic Motility Meter" 
(Motron Products, Stockholm) with 40 photoconductive sensors (5 rows • 8, centre-centre 
distance 40 ram), with one animal at a time in the motility meters. 

Statistics 

Mann-Whitney U-test was used for comparisons of locomotor activity between groups. 
Biochemical data were analysed by means of ANOVA followed by Fisher's protected least 
significant difference. 

Results 

Biochemistry 

The effects of  the non-competi t ive N M D A  antagonist  dizocilpine (0.5, 1, 5 and 
10 mg/kg)  on concentrat ions of  brain monoamines  and monoamine  metabolites 
are shown in Table 1 a. The general pat tern was an increase in levels of  3,4- 
dihydroxyphenylacet ic  acid (DOPAC) and homovanil l ic  acid (HVA) in the 
s t r ia tum and the limbic forebrain, as well as in the hemispheres (not shown), 
a l though statistical significance was not  reached in all doses. There was also a 
weak increase in the levels of  DA in the striatum. Following t reatment  with 
1 mg/kg  of  dizocilpine there was a significant increase in 5-hydroxyindoleacetic 
acid (5-HIAA) in the striatum. 

Dizocilpine (0.5 mg/kg) was also given to animals treated with NSD 1015, 
which is a centrally acting inhibitor of  aromatic  L-amino acid decarboxylase, 
also called D O P A  decarboxylase (Carlsson and Lindqvist,  1973 b). Further-  
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Table 1 b. Effects of dizocilpine (0.5 mg/kg s.c.) given to animals treated with NSD 1015 
(100mg/kg) on concentrations (ng/g) of DOPA, 5-HTP (5-hydroxytryptophan) and 3-MT 
in mouse striatum and limbic forebrain. Dizocilpine was administered 60 min. and NSD 
1015 15 min. before decapitation. Shown are the means + s.e.m. N= 10. ***p<0.001, 

**p<0.01, *p<0.05 vs controls 

Corpus striatum (concentrations in ng/g) 

Treatment DOPA 3-MT 5-HTP 

NaC1 608 + 32 453 + 39 95 + 12 
Dizocilp. 0.5 mg/kg 798 + 39** 600 + 48* 124 + 14 

Limbic forebrain (ng/g) 

Treatment DOPA 3-MT 5-HTP 

NaC1 253 4- 22 79 :t: 14 227 + 39 
Dizocilp. 0.5 mg/kg 377 • 22*** 131 + 20* 222 + 9 

more, NSD 1015 is an MAO inhibitor (Nissbrandt et al., 1988). In Table 1 b it 
is shown that dizocilpine significantly increased concentrations of 3,4-dihy- 
droxyphenylalanine (DOPA) and 3-methoxytyramine (3-MT) in both the stria- 
turn and the limbic forebrain following inhibition of DOPA decarboxylase and 
MAO. 

In Table 2 a the effects of the competitive N M D A  receptor antagonist D- 
CPPene (3, 8, 20 and 40 mg/kg) are shown. Striatal 3-MT levels were significantly 
decreased in all doses tested. In experiment 2 the animals were killed 100 min. 
following the administration of D-CPPene, i.e. when maximal locomotor stim- 
ulation was observed (not shown). In the limbic forebrain but not in the striatum 
levels of DOPAC increased, except following the lowest dose. No consistent 
changes in HVA levels were found. Following the lowest dose of D-CPPene 5- 
HIAA levels decreased in both the striatum and the limbic forebrain. 

When D-CPPene (3 mg/kg) was given to animals treated with NSD 1015, 
no change was observed in concentrations of DOPA, but there was a tendency 
towards decreasing concentrations of 3-MT in the striatum (Table 2 b). 

Behaviour 

Immediately following injections of dizocilpine (0.3 or 0.8 mg/kg) or D-CPPene 
(3 or 8 mg/kg) the animals were placed in the motility meters and locomotor 
activity was registered during 80 min. Both doses of dizocilpine caused a sig- 
nificant increase in locomotor activity (Fig. 1). 

In contrast,  3 or 8 mg/kg of D-CPPene did not increase spontaneous lo- 
comotion (Fig. 1). However, when higher doses of D-CPPene were given and 
the observation period was extended to 160 min., the locomotor stimulatory 
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Table 2 b. Effects of D-CPPene (3 mg/kg) given to animals treated with NSD 1015 (100 mg/ 
kg) on concentrations (ng/g) of DOPA, 5-ttTP and 3-MT in mouse striatum and limbic 
forebrain. D-CPPene was administered 60 rain. and NSD 1015 15 rain. before decapitation. 

Shown are the means • s.e.m. N = 6 (limbic forebrain) and 5 (striatum) 

Corpus striatum (concentrations in ng/g) 

Treatment DOPA 3-MT 5-HTP 

NaC1 570 • 41 535 4- 39 75 4- 14 
CPPene 3 mg/kg 531 + 33 449 4- 28 85 • 6 

Limbic forebrain (ng/g) 

Treatment DOPA 3-MT 5-HTP 

NaC1 223 4- 26 104 • 17 172 • 11 
CPPene 3 mg/kg 223 • 11 95 • 9 142 4- 7 

potent ia l  o f  D - C P P e n e  was revealed (Fig. 2). Dur ing  the interval 60-160min .  
l o c o m o t o r  activity was significantly (p < 0.05) enhanced by  20 and 40 mg/kg  o f  
D - C P P e n e  vs controls .  There was also a significant posit ive correla t ion be tween  
dose of  D - C P P e n e  and moti l i ty  counts  for the interval 60-160min .  (r = 0.60, 
p = 0.006). N o t e  that  D - C P P e n e  depressed rather  than s t imulated l o c o m o t o r  
activity at the beginning o f  the observa t ion  period;  during the interval 0-30  min., 

Counts/80 min 

1400 

1200 

1000 

8O0 

6OO 

400 

200 

0 
NaC1 Diz 0,3 Diz 0.8 CPPene 3 CPPene 8 

Fig. 1. Effects of dizocilpine and D-CPPene on locomoter activity in mice. Immediately 
following injections of dizocilpine (0.3 or 0.8 mg/kg) or D-CPPene (3 or 8 mg/kg) the animals 
were placed in the motility meters and locomotor activity was registered during 80min. 
Shown are the means 4- s.e.m. N = 6 (NaC1), 5 (dizocilpine 0.3 mg/kg and D-CPPene 8 mg/ 
kg), 4 (D-CPPene 3 mg/kg) and 3 (dizocilpine 0.8 mg/kg). **p < 0.01, *p < 0.05 vs controls 
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Counts 

1000 

800 

600 

400 

200 

0 

NaCI5 10 20 40 NaC15 10 20 40 NaC15 10 20 40 

0-30 min 30-60 n-fin 60-160 min 

Fig. 2. Effects of various doses of D-CPPene on locomotor activity in mice. Immediately 
following injections of D-CPPene (5, 10, 20 and 40 mg/kg) the animals were placed in the 
motility meters and locomotor activity was registered during 160rain. Shown are the 
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case of D-CPPene 40 mg/kg). There was a significant positive correlation between dose of 
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locomotor  activity was significantly (p < 0.05) decreased by 5 and 20 mg/kg o f  
D-CPPene  vs controls.  

In Fig. 3 the effects o f  haloperidol pretreatment on D-CPPene- induced lo- 
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Fig. 3. Effect of haloperidol pretreatment on D-CPPene-induced locomotor activity in mice. 
Haloperidol (0.1 mg/kg) was administered 30 min. prior to D-CPPene treatment. Imme- 
diately following injection of D-CPPene (20 mg/kg) the animals were placed in the motility 
meters and locomotor activity was registered during 160 min. Shown are the means + s.e.m. 

for the period 60-160min. N = 6. **p<0.01 vs vehicle, *p<0.05 vs D-CPPene 
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comotor stimulation are shown. Haloperidol (0.1 mg/kg) was given 30 min. prior 
to administration of D-CPPene. The animals were placed in the motility meters 
immediately following injections of D-CPPene (20 mg/kg) and locomotor ac- 
tivity was registered during 160min. The low dose of haloperidol used in this 
experiment did not influence the behaviour of normal, habituated animals. 
However, the locomotor stimulation produced by D-CPPene was almost com- 
pletely antagonized. 

Discussion 

Levels of DOPAC reflect DA synthesis and metabolism within the nerve ter- 
minal. The principal source of HVA is O-methylation by catechol-O-methyl- 
transferase (COMT) of DOPAC, effiuxed from the nerve terminal; only lesser 
amounts of HVA are derived from deamination of 3-MT by MAO (Westerink 
and Korf, 1976). Consequently, in most cases DOPAC and HVA change in 
parallel. The only index of the amount of DA released from the nerve terminals 
is the O-methylated DA metabolite 3-MT (Carlsson and Lindqvist, 1963; Kehr, 
1980), which is formed by COMT, an enzyme located exclusively outside the 
nerve terminal (Carlsson and Hillarp, 1962); see also Wood and Altar (1988). 

Dizocilpine increased concentrations of DOPAC and HVA in the striatum 
and the limbic forebrain, as well as in the hemispheres, whereas DA concen- 
trations were unchanged or slightly increased. When dizocilpine was given to 
animals where DOPA decarboxylase and MAO were inhibited by means of 
NSD 1015, an increase in levels of DOPA and 3-MT were observed in both 
the striatum and the limbic forebrain. Taken together, these findings suggest 
that dizocilpine stimulates synthesis and release of DA in mouse brain. Recently 
it was shown that systemic administration of the non-competitive NMDA 
antagonists dizocilpine, PCP and ketamine to rats increased DOPAC levels in 
mesocortical regions and in the striatum. However, no changes in DOPAC 
levels were observed in the nucleus accumbens and cingulate cortex (Rao et al., 
1990 a, b). Enhanced DA release following perfusion of rat nucleus caudatus 
and accumbens with dizocilpine has been shown by means of microdialysis 
technique (Imperato etal., 1990). 

Following dizocilpine treatment the animals displayed a clear-cut locomotor 
stimulation. 0.3 mg/kg of dizocilpine was more efficacious than 0.8 mg/kg. Fol- 
lowing the lower dose the animals displayed a varied pattern of locomotion 
and a low degree of stereotypies, whereas the larger dose induced predominantly 
stereotypies, the animals sitting at the same spot swaying there and back with 
the anterior part of the body, most of the time. 

In a recent study it was shown that dizocilpine-induced locomotion and 
sniffing stereotypies in rats, were partially blocked by haloperidol (Tiedtke et al., 
1990), a DA antagonist with ~l-adrenoceptor antagonistic properties (Hyttel 
etal., 1985), thus suggesting involvement of a dopaminergic and/or an adre- 
nergic mechanism. Early observations of Clineschmidt etal. (1982 a, b) also 
indicate involvement of a catecholaminergic mechanism, since both locomotor 
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stimulation and anticonvulsant activity of dizocilpine in mice partially were 
blocked by haloperidol or the al-adrenergic antagonist prazosin. Furthermore, 
dizocilpine-induced ipsiversive turning in 6-hydroxydopamine lesioned rats was 
antagonized by the a~-adrenergic antagonists aceperone, azapetine and prazosin 
as well as by noradrenaline synthesis inhibition by means of FLA-63, a DA- 
[3-hydroxylase inhibitor (Martin and Papp, 1984). 

In contrast to the clear-cut increase in DA turnover following dizocilpine 
treatment, only slight changes in levels of DA metabolites were observed fol- 
lowing D-CPPene treatment. It is interesting to note that striatal 3-MT levels, 
measured in brains of animals decapitated when the locomotor stimulation was 
maximal, were decreased. These data suggest that dizocilpine and D-CPPene 
may have opposite effects on DA release. An uncertain factor, however, is our 
failure to demonstrate differences in the rate of DA disappearance following 
treatment with these compounds. In several experiments where tyrosine hy- 
droxylase, the rate limiting enzyme in DA synthesis, was inhibited by means 
of the competitive inhibitor ~-methyl-para-tyrosine, neither dizocilpine nor 
D-CPPene influenced the rate of DA disappearance. 

Following D-CPPene treatment in lower doses no locomotor stimulation 
was observed, only ataxia. However, in larger doses locomotor stimulation was 
observed, approximately 60 min. after administration. The gross appearance of 
these animals was very similar to that produced by dizocilpine, i.e. a combination 
of stereotypies and a varied pattern of locomotion, with predominantly ster- 
eotypies in the largest dose. 

The D-CPPene-induced locomotor stimulation, but not the stereotypic side- 
to-side head-weaving behaviour, was almost completely antagonized by pre- 
treatment with a low dose of haloperidol, indicating an involvement of catech- 
olaminergic neurons. However, the decreased levels of 3-MT following 
D-CPPene treatment suggest that the locomotor stimulatory effects are not 
mediated via release of DA; hence, the catecholaminergic system seems to play 
primarily a permissive role in this context. Our experiments with monamine- 
depleted mice suggest that important interactions between the glutamatergic 
and catecholaminergic neurons occur on a level that is postsynaptic in relation 
to these neurons; in monoamine-depleted mice a forceful synergism is observed 
when a catecholaminergic agonist is combined with an NMDA antagonist. In 
line with this, Girault et al. (1990) have recently found that the activity of protein 
phosphatase- 1 in striatonigral neurones is decreased by DA receptor stimulation 
and increased by NMDA receptor stimulation, suggesting that stimulation of 
postsynaptic DA receptors may result in a facilitation of the effects of an NMDA 
antagonist. 

In contrast to the present data Imperato et al. (1990) observed an increased 
DA release following local perfusion of rat nucleus caudatus and accumbens 
with D-CPPene, and this DA release was accompanied by strong behavioral 
activation. The discrepancy in the case of DA release between our findings and 
those of Imperato et al., may be attributed to species differences or drug ad- 
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ministration route. In this context it is interesting to note that following intra- 
cerebroventricular injection to rat of the competitive NMDA antagonist CPP, 
hyperactivity and ataxia was observed. When CPP was injected into the frontal 
cortex, the rats showed an episodic darting behavior without ataxia (O'Neill 
and Liebman, 1987). 

When given to mice with intact monoaminergic systems, dizocilpine has 
locomotor stimulatory properties only in doses smaller than 1 mg/kg i.p., with 
a maximum response at 0.5 mg/kg (J. Engel, 1990; unpublished observations). 
The effects of dizocilpine on intact animals are probably mediated both via 
release of catecholamines and by suppression of glutamatergic transmission, 
both effects mediated by NMDA antagonism. When dizocilpine is given to 
monoamine-depleted animals the locomotor stimulation arises from suppression 
of glutamatergic transmission only, which may be the reason why a larger dose 
(> 1 mg/kg) is required. However, when dizocilpone is combined with an a2- 
adrenergic agonist, like clonidine or L-a-methyl-DOPA, or a subthreshold dose 
of a mixed dopaminergic agonist, like apomorphine, a smaller dose of dizocilpine 
is sufficient (Carlsson and Carlsson, 1989 a, b; Carlsson and Svensson, 1990 b). 
A synergistic effect was also observed when clonidine was combined with either 
ketamine (Carlsson and Svensson, 1990a), PCP or D-CPPene (Carlsson and 
Svensson, 1990b). The gross behavioral appearances produced by these com- 
binations were almost indistinguishable from each other, suggesting that the 
same mechanism is responsible for the stimulation observed. 

The postsynaptic effects of dizocilpine and D-CPPene may be similar, but 
there are evidently differences in the effects on catecholaminergic neurons. 
Which mechanisms are then responsible for the differences in DA turnover? 
Rao et al. (1990) have recently proposed that a PCP binding site functionally 
uncoupled to NMDA receptors, is responsible for the stimulation of DA turn- 
over following treatment with PCP-like, non-competitive NMDA antagonists, 
which does not occur following the competitive NMDA antagonists CPP and 
CGS-19755. But against this hypothesis speak a large number of observa- 
tions, suggesting a tight morphological and functional coupling between 
the PCP binding site and the NMDA receptor complex (see Maragos etal., 
1988). 

Heterogeneity of the NMDA receptor population is another tentative ex- 
planation, which does not require the existence of PCP binding sites uncoupled 
to NMDA receptors. According to this hypothesis some NMDA receptors are 
functionally coupled to catecholaminergic systems, stimulating or inhibiting 
transmitter synthesis and release, whereas other subtypes of NMDA receptors 
are functionally uncoupled to catecholamines. A heterogeneity of NMDA re- 
ceptors may also underlie the relative separation between anticonvulsant activity 
and motor effects of the competitive NMDA antagonist CGS-19755. Antag- 
onism of NMDA-induced convulsions in mice has an EDs0 of 2.1 mg/kg i.p. 
but locomotor stimulation does not occur in smaller doses than 30 mg/kg (Ben- 
net etal., 1989). In contrast, most non-competitive NMDA antagonists, in- 
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cluding dizocilpine, antagonize N M D A - i n d u c e d  convulsions only in doses 
higher than  those associated with m o t o r  effects (Willets et al., 1990). 
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