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The involvement of dopaminergic activity in the mediation of the behavioural effects produced by blockade of NMDA 
receptors in the nucleus accumbens was investigated. Intra-accumbens infusion of the competitive NMDA receptor antagonist. 
m_-2-amino-5-phosphonovaleric acid (AP-5.’ (2, 4 and 10 pg/O.5 ~1) induced a dose-dependent increase in locomotor activity in 
rats. Pharmacological blockade of dopamine receptors locally in the nucleus accumbens with haloperidol (5 pg/gl) failed to 
reduce the locomotor effects of AP-5 110 pg), but antagonized the effects induced by the non-competitive NMDA receptor 
antagonist, MK-801 (( + )d-methyl-lO,ll-dihydro(a,d)-cyclohepten-5.1O-imine hydrogen maleate salt) (10 pg). The effects of 
dopamine co-administered with AP-5 at various dcses in the nucleus accumbens were also examined. When the level of 
locomotor activity induced by AP-5 (IO pg) was similar to that produced by dopamine (10 pg), the simultaneous infusion of both 
compounds at this dose did not increase or decrease the locomotor response. When the level of locomotor activity induced by 
AP-5 (10 or 4 pg) was lower than that produced by a higher dose of dopamine I20 pg), the combined infusion of both 
compounds resulted in a locomotor response similar to that induced by AP-5 alone, indicating a reduction of dopamine 
locomotor effects. These results show that the locomotor hyperactivity induced by AP-5 was not modified when the dopaminergic 
activity in :he nucleus accumbens was either reduced or enhanced, suggesting that the behavioural effects resulting from the 
blockade of NMDA receptors with the compe;.itive NMDA receptor antagonist, AP-5, is not mediated by endogenous dopamine 
in this brain area. 

Keywords: Excitatory amino acid; NMDA receptor antagonist; AP-5 Co!_-2-amino-5-phosphonovaleric acid); MK-801 (( + )-5- 
methyl-IO,] I-dihydro(a,d)-cyclohepten-5,10-imine hydrogen maleate salt); Dopamine; Locomotor activity 

1. Introduction 

Excitatory amino acids acting through NMDA re- 
ceptor subtypes appear to affect a variety of functions 
ip the central nervous system. They have been involved 
in the coordination dnd the regulation of motor activ- 
ity, sensory-motor integration and memory functions 
(Fagg, 1985; Willets et al., 1990). Behavioural studies in 
rodents showed that a systemic injection of non-com- 
petitive NMDA receptor antagonists such as phencycli- 
dine or MK-801 (( + )-5-methyl-lO,ll-dihydro(n,d)- 
cyclohepten5,10-imine hydrogen maleate salt), which 
are known to act directly at the phencyclidine binding 
site located within the ion channel of the NMDA 
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receptor complex, induced a behaviourai activation 
(locomotor hyperactivity and stereotypies) resembling 
that observed after administration of drugs enhancing 
dopaminergic neurotransmission (Schmidt et al., 1992). 
The behavioural stimulant effects of non-competitive 
NMDA receptor antagonists were reduced after phar- 
macological blockade of dopamine receptors or 
dopamine depletion (Clineschmidt et al.. 1982; 
Dall’Olio et al., 1992; Ouagazzal et al., 1993; Gattaz et 
al., 1994; Martin et al., 1994) suggesting that these 
compounds produce their effect through dopa- 
minergic-dependent mechanisms. Consistent with this 
suggestion, electrophysiological and neurochemical 
studies showed that the administration of non-competi- 
tive NMDA receptor antagonists increased the firing 
rate of midbrain dopamine neurons and dopamine 
turnover in areas of dopaminergic nerve terminals (Im- 
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perato et al., 1990; French et al., 1991, 1993; Liischer 
et al., 1991; Svensson et al., 1991; Bubser et al., 1992; 
Zhang et al., 1992). 

The blockade of NMDA receptors directly at the 
receptor site with competitive NMDA receptor antago- 
nists injected systemically at high doses or in central 
nervous structures such as the nucleus accumbens was 
also found to induce locomotor activation and stereo- 
typed behaviours (for review see Schmidt et al., 1992; 
Carlsson, 1993). Interestingly, prior administration of 
the mixed dopamine D,/D, receptor antagonist, 
haloperidol, was found to reduce the locomotor activity 
induced after systemic administration of the competi- 
tive NMDA receptor antagonist, CPP (3-(-2-carboxy- 
piperazin4-yl)-propyl-1-phosphonic acid) (Svensson et 
al., 1991). However, the prevalent hypothesis that a 
dopaminergic mechanism might be involved in the be- 
havioural effects of competitive NMDA receptor an- 
tagonists has been questioned. Electrophysiological and 
neurochemical studies have indeed shown that compet- 
itive NMDA receptor antagonists injected at doses 
producing behavioural activation did not modify cen- 
tral dopaminergic neurotransmission (French et al., 
1991; Svensson et al., 1991). Furthermore, in 
monoamine-depleted mice, systemic administration of 
competitive NMDA receptor antagonists is still able to 
produce locomotor activation (Carlsson, 1993). Thus, 
the involvement of dopaminergic mechanisms in the 
mediation of the behavioural stimulant effects pro- 
duced by competitive NMDA receptor antagonists is 
still a mater of debate. 

The prc:sent study was thus conducted to further 
elucidate she role of the mesohmbic dopaminergic sys- 
tem in the mediation of the locomotor activity ob- 
served after the blockade of NMDA receptors with 
competitive NMDA antagonists. The mesolimbic 
dopaminergic nerve terminals in the nucleus accum- 
bens originating from cell bodies in the ventral tegmen- 
tal area are known to play an important role in the 
expression of locomotor activity since local infusion of 
dopamine or dopaminergic agonists in the nucleus ac- 
cumbens produces robust locomotor stimulation in rats 
@‘ijnenburg et al., 1976; Makanjuola et al., 1980; Boss 
et al., 1988; Plaznik et al., 1989). Furthermore, either 
pharmacological blockade of dopamine receptors or 
selective destruction of dopamine terminals in this 
brain area inhibited the locomotor stimulation induced 
by systemic administration of psychostimulants, such as 
amphetamine (Pijnenburg et al., 1975; Kelly et al., 
1976; Boss et al., 1988; Plaznik et al., 1989). The 
nucleus accumbens, in addition to its dopaminergic 
input, ah receives prominent excitatory (probably glu- 
tamatergic) projections from various cortical structures 
such as the prefrontal cortex, amygdala and hippocam- 
Pus (Fonnum, 1984). Numerous morphological and bio- 
chemical studies have shown that reciprocal cellular 

interactions linking the activity of the two afferent 
systems may contribute to the regulation of the func- 
tions mediated by the nucleus accumbens (Mogenson 
and Yang, 1991). The microinfusion of either competi- 
tive or non-competitive NMDA receptor antagonists in 
the nucleus accumbens also induces pronounced loco- 
motor activation in rodents, suggesting that this brain 
structure may be a critical site of action for NMDA 
receptor antagonists injected systemically (Donzanti 
and Uretsky, 1984; Raffa et al., 1989; Car&son, 1993; 
Amalric et al., 1994). Given that the activation of 
dopamine receptors within the nucleus accumbens 
seems to be critical for the expression of the loccmotor 
activity induced by non-competitive NMDA receptor 
antagonists (Wallace et al., 1992; Ouagazzal et al., 
1994), we further examined whether the blockade or 
activation of dopamine neurotransmission in the nu- 
cleus accumbeos affects the locomotor activity induced 
by the competitive NMDA receptor antagonist, DL-2- 

amino-5-phosphonovaleric acid (AP-5), injected locally 
into this brain area. 

2. Materials and methods 

2. I. Animals 

Male albino Wistar rats (iffa-Credo, France) weigh- 
ing 280-300 g at the start of the experiment were 
housed in groups of 3 per cage with free access to food 
and water. They were maintained under temperature- 
controlled conditions with an alternating 12-h light-dark 
cycle. 

2.2. Stereotaxic surgery and infusion procedure 

Stereotaxic surgery was performed under xylazine 
(15 mg/kg intra-muscular, i.m.1 and ketamine (100 
mg/kg i.m.1 anaesthesia. The rats were implanted with 
bilateral stainless-steel guide cannulae (23-gauge) posi- 
tioned 3 mm above the nucleus accumbens at coordi- 
nates: AP +3.2 mm, L + 1.7 mm, from the bregma, 
DV -4.8 mm from the skull surface with the incisor 
bar set at +5.0 mm, according to the atlas of Pelle- 
grino et :;K Clo7Q>. The c~H;.rxdae were fixed to the skulI 
with dental cement and stainless-steel screws. Wire 
stylets were inserted into the cannulae to prevent oc- 
clusion. One week after implantation, a bilateral 30- 
gauge injection needle was inserted through the guide 
to 3 mm beyond its tip and a volume of 0.5 ~1 was 
infused at a rate of 0.16 &min with a Hamilton 
syringe mounted on a microdrive pump. Following the 
injection, the injection needle remained in place for 
another 2 min to allow the drug to diffuse zway from 
t!rz injection site. 



2.3. Drugs 

AP-5 (DL-2-amino-S-phosghonovaleric acid; Tocris 
Neuramin, UK) and MK-801 (( + I-5-methyl-EO,l l-dihy- 
dro4a,dJ-cyclohepten-5,10-imine hydrogen maleate salt; 
Merck Sharp and Dohmc Research Eaboratories, UK) 
were dissolved in a physiological saline solution, and 
the pi-I was adjusted to 6.5 with a minimum quantity of 
NaOM (0.1 NJ. I-Ialoperidol ( aldol, injectable solu- 
tion, Jansserr) was injected at a dose of 5 clg/pl and 
control injections using the vehicle (a solvent of the 
commercial preparation for haloperidol) were tested. 
Dopamine (Sigma, France) was dissolved in a 0.9% 
saline sdution containing ascorbic acid (0.1 mg/ml) as 
an antioxidant. 

2.4. Behavioural testing 

Measurements of locomotcr activity were conducted 
in a bank of I6 individual wire (top, floor and front 
door? and Plexiglas photocell cages (side walisi 40 x 25 
x 23 cm. Each cage was fitted with 2 parallel horizon- 
tal infrared beams, I cm above the floor, located across 
the long axis of the cage (Imetronic. France). Interrup- 
tions of either beam were accumulated over I-min 
intervals and recorded in minute bins by an on-line 
input to a microcomputer (Tandon PCA 12 SIJ. 

The animals were familiarised with the experimental 
cages during a 3-h session, one day before the test 
session. On the test day, spontaneous locomotor activ- 
ity was monitored for 90 min prior to any drug treat- 
ment. Following this period, the compounds were ad- 
ministered to the animals and their locomotor activity 
was immediately monitored for a 60-min or SO-min 
period depending on drug treatments. All drugs were 
administered bilaterally in a volume of 0.5 PI/side, 
except for haloperidol which was injected in a volume 
of 1 @l/side. Each subject was used only once. 

2.5. Experimental design 

Experiment I 
One group of animals (n = 41) was given a bilateral 

infusion of AP-5 (2, 4 and 10 @g/O.5 ~1 by side, 
n = 9-14 per dose) in the nucleus accumbens. The 
control group received an intra-accumbens infusion of 
NaCl(O.9%) (n = 9). 

Experiment N 
A first group of animals received a bilateral infusion 

of the haloperidol(5 pg/pl, n = 10) or vehicie solution 
(n = 91, 15 min prior to the AP-5 solution (10 fig/O.5 
~1) in the nucleus accumbens. A second group of 
animals received a bilateral infusion of the haloperidol 

icle soiution (#I = iiij, 15 min 

ution (10 @g/O.5 ~1) in the 
ns. A control group (PZ = 61 received a 
of the vehicle solution in the nucleus 
dose and time effects of baioperjdol 

administration were chosen on the basis of previous 
experiments lOuagazza1 et al., 1994). 

Experi.me~f 111 

The animals (n = 69) receiving local co-administra- 
tion of AP-5 and dopamine in the nucleus accumbens 
were subdivided in four different experimental groups. 
Each group received the simultaneous treatment in two 
consecutive infusions in a volume of 0.5 pi/side each. 
The first group of animals (n = 8) received a bilateral 
infusion of AP-5 (IO pg) in the nucleus accumbens 
immediately prior to the microinfusion of dopamine 
(10 pg). The second group received an infusion of 
AP-5, 10 (11 = 101 or 4 pg (n = 12), immediately prior 
to the microinfusion of dopamine (20 pig). To test for 
potential non-specific effects of consecutive local mi- 
croinfusions of the drug solutions, two additional con- 
trol groups were tested: one group received a bilateral 
infusion of AP-5, 10 (n = 91 or 4 pg (~2 = 12), in the 
nucleus accumbens prior to microinfusion of the 
dopamine vehicle solution (i.e. 0.1 mg/ml ascorbic acid 
solution). Another control group received an intra-ac- 
cumbens infusion of the vehicle sotulion of AP-5 (i.e. 
NaCl 0.9%) immediately prior to the microinfusion of 
dopamine IO (n = 9) or 20 pg (n = 9). Finally, a con- 
trol group (n = 6) received a bilateral infusion of a 
physiological saline solution in the nucleus accumbens. 

2.6. Histology 

After completion of 
were anaesthetized with 

behavioural testing, the rats 
an intraperitoneal injection of 

chloral hydrate (400 mg/kg) and perfused with a i8% 
formalin solution through the left cardiac ventricle. 
The brains were removed and post-fiued in the same 
solution. Brain sections were cut at a thickness of 60 
pm, and stained with cresyl violet to check the accu- 
racy of the injection sites. Only rats from data analysis 
showing the appropriate injection sites were used. 

2.7. Statistical analysis 

The data were evaluated using a two-factor analysis 
of variance (ANOVA). The different drug treatments 
were the independent factor, and time was considered 
the repeated measure. Individual post-hoc comparisons 
between the different drug treatments were carried out 
using the Duncan multiple range test. The significance 
level was taken to be P < K!5. 
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3. Results 

3. I. Histology 

Examples of cannula track placements, located 
within the nucleus accumbens for the animals of exper- 
iment 1, are shown in Fig. 1. Injection sites for subjects 
of experiments II and III are not illustrated. However, 
most placements fell within the nucleus accumbens in 
the anterior planes from + 4.0 to + 3.0 from the bregma 
according to the atlas of Pellegrino et al. (1979). Sub- 
jects in which the injection site was located outside t!,e 
nucleus accumbens were excluded from the statistical 
analysis. 

3.2. Locomotor response to the infitsion of AP-5 in the 
nucleus accumbens 

As can be seen in Fig. 2, the infusion of the compet- 
itive NMDA receptor antagonist, AP-5 (2, 4 and 10 
pg/O.5 pl), in the nucleus accumbens induced a dose- 
dependent enhancement of locomotor activity in rats. 
The effect was maximal during the first 5-15 min 
following the infusion, depending on the dose. A grad- 

+ 4.0 

+3.8 

+ 3.6 

+3.4 

+ 3.2 

+ 3.0 

Fig. 1. Frontal sections of rat brain showing histological reconstruc- 
tion of the injection sites in the nucleus accumbens (n. ace.) of the 
subjects in experiment I. Black dots indicate the correct location of 
the tips of needle injections in the nucleus accumbens. Subjects in 
which the site of injection fell outside the nucleus accumbens were 
discarded. Values give the distance in mm from bregma, according to 
the atlas of Pellegrino et al. (1979). ac., anterior commissure. 

Nucleus accumbens 

2.amino-5.phosphonovaleric acid (AI-51 

Total counts 

0 IO 20 30 40 50 60 

Time (tin) 

Fig. 2. Effects of AP-5 infusion in the nucleus accumbens on locomo- 
tor activity. Immediately after the infusion of AP-5 in the nucleus 
accumbens. the rats were placed in the photocell activity cages and 
locomotor activity was recorded for 60 min. Various doses of AP-5 
were tested in different groups of animals (0, II = 9; 2. tt = 7; 4, II = 8 

and 10 pg/O.S ~1. n = 12). The ordinate gives the mean number of 
photocell counts in 5-min periods. Insert: Mean locomotor activity 
counts ( f S.E.M.) during the entire 60-min period. * Significantly 
different from controls, P < 0.05, Duncan’s test after significant 
ANOVA. 

uai return to control values was then seen around 60 
min after the injection. The two-factor analysis of 
variance (ANOVA) revealed a significant main effect 
of dose (F(3,33) = 14.73, P < 0.051, time (FCI 1,363) = 
24.83, P < 0.05) and dose x time interaction (F(33,363) 
= 3.79, P < 0.09. Post-hoc comparisons by means of 
Duncan’s test showed that the locomotor scores follow- 
ing the three doses of AP-5 tested (2, 4 and 10 gg) 
differed significantly from those following vehicle infu- 
sion (P < 0.05). Intra-accumbens infusion of AP-5 was 
also found to induce intensive sniffing and rearing, 
stereotyped behaviour, at each dose tested. 

3.3. Effect of dopamine receptor blockade on locomotor 
actSty induced by AP-5 or MK-801 

As illustrated in Fig. 3A, the animals given a bilat- 
eral combined infusion in the nucleus accumbens of a 
vehicle solution, followed by the AP-5 (10 pg) solution, 
showed a significant enhancement of locomotor activity 
in comparison to control animals injected with the 
physiological saline solution. Prior blockade of 
dopamine receptors with a microinfusion of haloperi- 
do1 (5 pg) in the nuc!crs accumbens failed to alter the 
locomotor stimulation induced by 10 fig of AP-5. The 
overall ANOVA revealed a significant main effect of 
the different drug treatments (F(2,18) = 10.6, P < 0.05) 
and a significant main effect of time (F(11,198) = 5.7, 
P < 0.01). The drug X time interaction was also found 
to be significant (F(22,198) = 3.1, P < 0.05). Post-hoc 



comparisons showed no significant difference between 
the locomotor response to AP-5 in the animals pre- 
treated with the haloperidol or the vehicle solution 

ined bilateral infusion of 
the vehicle solution in the nucleus accumbcn:;, followed 
by the non-competitive N&IDA receptor antagonist. 
MK-801 (10 pg) solution, showed a significant increase 
in locomotor activity in comparison to control animals 
injected with the physiological saline solution Wig. 3B). 
In keeping with this trend, the overall ANOVA re- 
vealed a significant main effect of drug treatment 
(F(2,18) = 9.1, P < O-01), time tF(15,270) = 5.9, P < 
0.01) and a significant drug X time interaction 
(F(30,270) = 3.9. P < .OOl). A pattern of stereotyped 
behaviour similar to that previously found with AP-5 
was observed after MK-801 infusion (data not shown). 
In contrast to the effects observed in the animals 

R Total COUOIS 

Time (min) 
Fig. 3. Effects of haloperidol on the locomotor activation induced by 
AP-5 (A) or MK-801 (B) infused bilaterally in the nucleus accum- 
bens. A: The animais received a bilateral infusion of ihe haloperidol 
(5 pg/rI, n = 8) or vehicle solution (n = 8) 15 min before AP-5 
infusion (10 pg/OS ~1) in the nucleus accumbens. A control group 
(n = 6) received a physiological saline solution (NaCI 0.9%) biraicr- 
aIIy in the nucleus accumbens. B: The animals received a bilateral 
infusion of the haloperidol (5 kg/gI. n = 8) or vehicle solution 

(n = 8) 15 min before MK-801 infusion (10 pg/O.§ ~1) in the nucleus 
accumbens. Control group, same as in (AI. Coordinates, as in Fig. I. 
Insert refers to the mean total photocell comets (kS.E.M.1 during 
the 60-or 80-min test. * Significantly different from control group 
injected with the physiological saline solution. P < 0.05, ANOVA. 
@J Significantly different from control group injected with haloperidol 
vehicle solution, P < 0.05. Duncan’s test after significant ANOVA. 

Fig. 1. Locomotor response 11) ;t separate 01 = X and Y. respectively) 
or simultanroua injection (!I = 6) of AP-5 (10 ~g/O..i ~1) and 
dopaminr (IO pg/O.5 ~11 hilaterally in the nuci~~~ accumbcns. h 
conrrol group t tz = 6) received a bilateral infusion of a plqiolopical 
saline solution (NnCI (I.Y? 1 in the nuclru\ accumhens. Coordinates 
as in Fig. I. Insert refers 10 mean total photocell count\iS.E.M. 
during the Wmin test. . Significantly different from control animal\ 
inisctrd with the physiological saline rolution. P c 0.05. .4NOLyA. 

injected with A?-5. the pretreatment with haloperidol 
was shown to markedly reduce the locomotor activity 
induced by MK-801 in the nucicl;s accumbens (P < 
0.01, Duncan test. Fig. 3 

As illustrated in Fig. 4, the bilateral dopaminc infu- 

sion, at a dose of 10 pg. in the nucleus accumbens 
resulted in a locomotor activation which was compara- 
ble in intensity to that observed after AP-5 (IO pg) 
infusion in the same region. The overall ANOVA 
revealed a significant main effect of drug treatment 
(F(3,25) = 5.45. f’ < 0.01). a significant main effect of 
time (F(11,2751= 14.14, P < 0.01) and a significant 
drug x time interaction (F(33.275) = 2.02. P < 0.01). 

Furthermore, the kxomotor hyperactivity induced by 
both treatments was found to be significantly different 
from the basal level of activity observed in control 
animals ( P < 0.0 1, Duncan test). The concomitant infu- 
sion of AP-5 and dopamine did not result in a cumula- 
tive locomotor stimulation. In fact, the mean activity 
counts, following the separate or simultaneous admin- 
istration of AP-5 or dopamine, approximated an aver- 
age of 500 counts in each experimental situation for 
the total 60-min period of testing (graph inset, Fig. 4). 
A separate analysis measuring the effects of each drug 
injected alone or in combination showed no significant 
difference between the three treatments (ANOVA: 
F(2,20) = 0.3, N.S.1. 

In order to dissociate the locomotor effects induced 
by AP-5 or dopamine administration, a higher dose of 
dopamine (20 pg) was injected in the nucleus accum- 
hens. The level of locomotor activity was found to be 
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Fig. 5. A: Locomotor response to a separate (n = 8 and 9, respec- 
tively) or simultaneous injection (n = 9) of AP-5 (10 pg/O.5 ~11 and 
dopamine (20 rg/OS ~1) bilaterally in the nucleus accumbens. 

Control group (n = 6) same as in Fig. 4. B: Locomotor response to a 
separate Ot = 1 I and 9. respectively) or simultaneous injection (n = 
10) of AP-5 (4 pg/O.5 ~1) and dopamine (20 ug/O.5 ~1) bilaterally 
in the nucleus accumbens. Control group (n = 6) same as in Fig. 4. 
Coordinates as in Fig. 1. Insert refers to mean total photocell 
counts + S.E.M. during the 60-min test. l Significantly different from 
;ontrol animals injected with saline solution, P < 0.05, ANOVA. 

Significantly different from control animals injected with dopamine, 
P < 0.05, Duncan’s test after significant ANOVA. 

higher than that produced either with dopamine or 
AP-5, injected at a dose of 10 pg ( Figs. 4 and 5A). 
The dopamine-induc- *G! locomotor activation was 
markedly reduced when dopamine (20 pg) and AP-5 
(10 pg) were injected concomitantly (Fig. 5A). Further- 
more, the combined infusion of AP-5 and dopamine 
was found to produce a locomotor stimulation which 
appeared to be very similar to that observed after the 
infusion of AP-5 (10 pg) alone and significantly differ- 
ent fro-m the basal level of activity observed in control 
animals. The overall ANOVA showed a significant 
main effect of drug treatment (F(3,28) = 11.7, P < 
0.011, main effect of time (F(11,308) = 11.9, P < 0.01) 
and a significant drug x time interaction (F(33,308) = 
2.88, P < 0.01). Post-hoc individual comparisons 

showed that the groups, receiving either a combined 
injection of AP-5 and,dopamine or AP-5 alone, showed 
a significantiy lower locomotor activity level than the 
group injected with dopamine alone (P < 0.05, Dun- 
can’s test; graph inset). No significant difference in the 
locomotor activity produced by both treatment (i.e. 
AP-5 alone or with dopamine) could be observed. 

To see whether the locomotor effect produced by 
combined treatment with dopamine and AP-5 was al- 
ways comparable to that produced by AP-5 infusion in 
the nucleus accumbens, a lower dose of 4 pg of AP-5 
was tested further in a new group of animals either 
alone or as a simultaneous treatment. The overall 
ANOVA comparing the various drug treatments re- 
vealed a significant main drug effect (F(3,32) = 18.36, 
P < O.Ol), a significant main effect of time (F(11,33) = 
11.99, P < 0.01) and a significant drug X time interac- 
tion (F(33,352) = 3.11, P < 0.01). Post-hoc group com- 
parisons showed that the combined treatment with 
AP-5 (4 yg) and dopamine (20 pg) significantly re- 
duced the locomotor activity of the animals as com- 
pared to those injected with dopamine alone (P < 0.01, 
Duncan’s test) (Fig. 5B). Furthermore, the combination 
of AP-5 and dopamine treatment enhanced locomotor 
activity to a level comparable to that reached by ani- 
mals pretreated with AP-5 alone (P > 0.05, N.S., Dun- 
can test). 

4. Discussion 

4.1. Effect of dopamine receptor blockade in the nucleus 
accumbens on locomotor acticity induced by AP-5 

The present study showed that, in line with previous 
findings (Amalric et al., 1994; Donzanti and Uretsky, 
1984; Carlsson, 1993; Pulvirenti et al., 19931, the com- 
petitive NMDA receptor antagonist, AP-5, infused into 
the nucleus accumbens produces a robust enhance- 
ment of locomotor activity. The local injection into the 
nucleus accumbens of another competitive antagonist, 
CPP, produced a similar behavioural activation (O’Neill 
et al., 19891, emphasizing the involvement of NMDA 
receptor blockade in mediating the Iocomotor hyperac- 
tivity. Furthermore, a specific action of AP-5 on NMDA 
receptors was suggested by the dose-dependent loco- 
motor response and the lack of effect on locomotion of 
other excitatory amino acid receptor antagonists acting 
at the AMPA receptor subtype (unpublished observa- 
tions). The combined treatment of AP-5 and a control 
solution (vehicle for dopamine or haloperidol solution) 
was, however, found td produce a locomotor response 
smaller than that induced by AP-5, injected as a single 
treatment. This effect, presumably due to dilution of 
the drug solution in a larger volume, led us to investi- 



gate the effects oi’ the ighest dose of AP-5, 10 pgp.5 
pi, in combination with the local injection of the 
dopamine or haloperidol solution. Tbe specificity of 
AP-5 effects on basal locomotor activity after microin- 
fusion in different brain regions was demon ted in a 
recent investigation (Amahic et al., 1994). croinfu- 
sion of BP-5 (10 pg) in the nucleus accumbens induced 
locomotor hyperactivity, whereas the same dose of 
AP-5 infused in the striatum did not modify basal 
locomotor activity, but produced stereotyped be- 
haviours (sniffing and rearing), as previously observed 
by others (Schmidt, 1986; Schmidt and Bury, 1988). 
Together, these data suggest that the excitatory amino 
acid system, probably originating from cortical inputs 
to the nucleus accumbens, exert an inhibitory influence 
via the NMDA receptors on psychomotor functions. IIn 
agreement +th this suggestion, the interruption of 
excitatory amino acid transmission following destruc- 
tion of the prefrontal cortex was found to enhance 
spontaneous Iocomotion in rats (Jaskiw et al., 1990; 
Yoshida et al., 1991; Wbishaw et al., 1992; Burns et al., 
1993). 

The blockade of dopamine receptors in thee nucleus 
accumbens using haloperidol (5 pg) failed to reduce 
the locomotor effects induced by AP-5, whereas a 
lower dose of haloperidolt2.5 pg) was previously shown 
to reduce amphetamine-induced locomotor activation 
(Ouagazzal et al., 1994; Pijnenburg et al., 1975). Fur- 
thermore, in the present study, although the locomotor 
stimulation induced by MK-801 was greater than that 
induced by AP-5 administered at the same dose, 
haloperidol (5 pg) pretreatment could reduce MK-801 
effects on locomotion. These results arc in line with 
previous findings showing that the injection of either 
haloperidol or selective dopamine D, or D, receptor 
antagonists, SCH 23390 and eticlopride respectively, 
could reduce the locomotor stimulation induced by a 
systemic injection of MK-801 (Willins et al., 1993; 
Ouagazzal et al., 1994). Together these results suggest 
that activation of dopamine receptors within the nu- 
cleus accumbens is necessary for the expression of 
MK-801 effects. In contrast, the locomotor aclivation 
produced by AP-5 did not appear to be mediated 
through a dopaminergic mechanism in the nucleus 
accumbens. Consistent with this suggestion, the intra- 
accumbens infusion of AP-5 was found to induce a 
pronounced locomotor stimulation in monoamine-de- 
pleted mice (Svensson and Carlsson, 1992; Carlsson, 
1993). 

Paradoxically, if injected systemically, dopamine re- 
ceptor antagonists may attenuate the locomotor hyper- 
activity induced by a competitive NMDA receptor an- 
tagonist administered locally within the nucleus accum- 
bens (Imperato et al., 1990; Amalric et al., 1994). It is 
therefore possible that with this route of administra- 
tion, dopamine antagonists may act in other structures, 

located beyond t e nucleus accumbens, to rc 
locomotor hyperactivity response. ~natQrn~ca~ studies 
have indeed shown that the mesencepbahc dopamincr- 
gic neurons project, in addition to the striatum, to a 
number of structures involved in motor functions, such 
as the subthalamic nucleus and the globus pallidus 
(Eindvail and Bjjiirkhmd, 197 Meibacb and Katzman, 
1979; Witenick et al., 19921. ence, the local infusion 
of dopamine directly in the v tral pallidurn, a primary 
target of the nucleus accumbens output neurons, was 
recently shown to induce marked locomotor stimuta- 
tion in rats GUitenick et al., 1992). 

The present results, revealing a differential effect of 
haioperidol on MK-801- and AP-5-induced locomotor 
activity, are in agreement with results of electrophysio- 
logical and neurochemical studies showing that the 
administration of non-competitive NMDA receptor an- 
tagonists increased the firing rate of midbrain 
dopamine neurons and dopamine turnover in dopamine 
nerve terminal areas such as the nucleus act 
and the ctriatum, whereas the Competitive 
receptor antagonists do not (French et al., 1991; Svens- 
son et al., 1991; Bubser et al., 19 It therefore seems 
unlikely that the blockade of N A receptors is the 
single mechanism through which competitive and non- 
competitive NMDA receptor antagonists could induce 
their behavioural effect. Interestingly, Quirion et al. 
(1987) have proposed the existence of two phencycli- 
dine (PCP) binding sites where the non-competitive 
NMDA receptor antagonists act. The PCP, site is 
associated with the NMDA receptor complex and the 
PCP, site may not be linked to the NMDA receptor 
complex (Quirion et al., 1987). In favour of this hypoth- 
esis, subsequent studies have demonstrated the exis- 
tence of PCP binding sites not coupled to NMDA 
receptors either in the central nervous system (Mara- 
gos et al., 1988; Rao et ai., 1990,1991; Kovask and 
Larsson, 1994) or outside the central nervous system 
(Sun and Larsson, 1993; Kovask and Larsson, 1994). It 
may thus be proposed that the behavioural effects 
produced by the non-competitive NMDA receptor an- 
tagonists result from their action on phencyclidine 
binding sites, coupled or not coupled to NMDA recep- 
tors, which may be located within the nucleus accum- 
bens. 

4.2. Effect of dopamine receptor activation in the md?US 
accumbcns on the locomotor activity induced by M-5 

The hypothesis suggesting that the locomotor Stimu- 

lation induced by AP-5 might not be related to the 
activation of dopaminergic neurotransmission in the 
nucleus accumbens, is also supported by the lack of 
additive locomotor response observed after combined 
local infusions of various doses of AP-5 and dopamine. 
The local application of dopamine, in a similar dose 



range, in the nucleus accumbens or the striatum is 
known to produce specific behaviours mediated by 
these nervous structures, such as locomotor hyperactiv- 
ity, rotation or motor conditioned responses (Costa11 
and Naylor, 1976; Joyce and Van Hartesveldt, 1984; 
Baunez et al., 1994). A similar lack of synergism be- 
tween dopamine and AP-5 injected simultaneously in 
the striatum in the performance of a conditioned mo- 
tor response has also been reported (Amalric et al., 
1994; Baunez et al., 1994). Interestingly, in the current 
study, a negative interaction between dopamine and 
AP-5 treatment to produce their locomotor effect, was 
revealed when both compounds induced a different 
level of locomotor activity. Whatever the doses of AP-5 
tested (10 and 4 pg), a combined infusion of AP-5 with 
dopamine, at a dose known to produce a higher loco- 
motor activation than AP-5, increased locomotor activ- 
ity in a way similar to that observed after infusion of 
AP-5 alone. These results suggest that, following a 
combined infusion of AP-5 and dopamine, only the 
effects of AP-5 might be expressed, thus reducing the 
Iocomotor hyperactivity induced by dopamine. Consis- 
tent with this effect, it has been shown that intra-accu- 
mbens infusion of a dose of AP-5 which did not modify 
basal Iocomotor activity, reduced the locomotor stimu- 
lation induced by dopamine or amphetamine injected 
locally in the nucleus accumbens (Hamilton et al., 
1986; Pulvirenti et al., 1991; Kelley and Throne, 1992). 
Hence, similar results were obtained after intra-striatal 
infusion of AP-5 at subthreshold doses on dopamine- 
induced stereotypies (Kelley and Delfs, 1994) and mo- 
tor deficits in a reaction iime task (Baunez et al., 1994). 
Together, these findings indicate that the activation of 
NMDA receptors in the nucleus accumbens, and more 
generally within the neostriatum, is required for the 
expression of the behavioural effects induced by en- 
hancement of dopamine neurotransmission. 

Whilst several studies showed that the blockade of 
NMDA receptors in the nucleus accumbens induced 
locomotor activation, other reports showed, paradoxi- 
cally, that NMDA receptor agonists (glutamate or 
NMDA) injected directty in the same brain area could 
also induce locomotor stimulation in rodents (Donzanti 
and Uretsky, 1984; Hamilton et al., 1986; Bofdry and 
Uretsky, 1988; Mogenson and Yang, 1991; Svensson et 
al., 1994). It thus emerges that the cortical projection 
to the nucleus accumbens may exert, via the NMDA 
receptors, either an inhibitory or a stimulatory influ- 
ence on psychomotor functions. The mechanisms un- 
derIying this dual influence are unclear, however. These 
effects could involve two different subpopulations of 
functionally distinct NMDA receptors in the nucleus 
accumbens (likely the same NMDA receptor subtypes 
located on distinct neuronal systems exerting a specifi- 
cally stimulatory or inhibitory influence on psychomo- 
tor functions). In agreement with this hypothesis, it has 

recently been shown that the nucleus accumbens, di- 
vided in a ‘core’ and the ‘shell’ subregion, might be 
functionally heterogenous (Pulvirenti et al., 1993; Mal- 
donado-Irizarry and Kelley, 1994). Indeed, whereas 
AP-5 application in the ‘sheI1’ induced marked locomo- 
tor activation (Maldonado-Irizarry and Kelley, 1994) 
without affecting cocaine-induced locomotor hyperac- 
tivity (Pulvirenti et al., 1993), the same dose injected in 
the ‘core’ decreased the spontaneous locomotion and 
reduced cocaine-induced locomotor hyperactivity 
(Pulvirenti et al., 1993; Maldonado-Irizarry and Kelley, 
1994). It is thtis possib!e that in the present study the 
blockade of the NMDA receptors located within the 
‘core’ suppressed the dopamine-induced locomotor ac- 
tivation, whereas inactivating receptors located in the 
‘shell’ region may have induced a locomotor stimula- 
tion. The volume of diffusion of the AP-5 solution (0.5 
~1) probably reaching both regions might thus have 
affected the two populations of NMDA receptors. Fur- 
ther studies using a smaller injection volame in the two 
specific subregions should help clarify this issue. 

In conclusion, the present study showed that neither 
pharmacological blockade nor activation of dopamine 
receptors affected the locomotor response to intra-ac- 
cumbens bIockade of NMDA receptors. These results 
suggest that the behavioural effects of the competitive 
NMDA receptor antagonist, AP-5, may not be related 
to the activation of dopamine neurotransmission in the 
nucleus accumbens. It thus emerges that the excitatory 
amino acid systems innervating the nucleus accumbens 
may have an inhibitory influence on motor function 
which is likely to be beyond the modulation of 
dopaminergic output. Alternatively, the pharmacologi- 
cal blockade of dopamine receptors in the nucleus 
accumbens was found io reduce the locomotor effects 
of iocal infusion of glutamate and NMDA in the nu- 
cleus accumbens (Donzanti and Uretsky, 1984; Hamil- 
ton et al., 1986; Boldry and Uretsky, 1988; Mogenson 
and Yang, 1991). The functional interaction occurring 
between the excitatory amino acid and dopamine sys- 
tems in the nucleus accumbens thus seem to vary 
considerably depending on the nature of the excitatory 
amino acid influence on motor function. 
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