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NARAYANAN, S., D. WILLINS, A. DALLA, L. WALLACE AND N. URETSKY. Role of dopaminergic mecha- 
nisms in ihe stimulatory effects of MK-801 injected into the ventral legmental area and the nucleus accumbens. PHARMA- 
COL BlOCHEM BEHAV 54(3) 565-573, 1996. -The bilateral administration of 10 pg of (+)MK-801, but not (-)MK-801, 
into either the VTA or the N.Ac. stimulated locomotor activity. The stimulation induced by (+)MK-801 at both sites was 
inhibited by reserpine (5 m&kg, SC) and the D, antagonist, SCH 23390 (0.1 mg/kg, SC). Eticlopride (0.03 mg/kg, SC), a D, 
antagonist, inhibited the stimulation produced by MK-801 in the VTA but not in the N.Ac. Baclofen (32 ng). a GABA, 
receptor agonist, injected into the VTA inhibited the stimulatory response to MK-801 injected systemically, into the VTA, or 
into the N.Ac., but did not significantly inhibit spontaneous locomotion or the stimulatory response to apomorphine (5 
mg/kg, SC). These observations suggest that the stimulatory effects of MK-801 in the VTA and the N.Ac. are dependent on 
endogenous dopamine. In addition, the effects produced by MK-801 injected into the VTA closely resemble those produced 
by the systemic administration of low doses of MK-801, suggesting that this is the primary site of action of MK-801. 

MK-801 Ventral tegmental area Nucleus accumbens Dopamine Baclofen 

MK-801 (( *)-5-methyl-10,l l-dihydro-[5H]-dibenzo[a,d] cyclo- 

hepten-5,10-imine) is a noncompetitive antagonist of N- 

methyl-D-aspartate (NMDA) receptors and has potent psycho- 
active effects (9,lO). When MK-801 is injected systemically 

into rodents at low doses (0.05 to 0.3 mg/kg), it produces a 
stimulation of coordinated locomotor activity (25,29,37,41, 
44). This stimulation is inhibited by the depletion of endoge- 
nous dopamine stores with reserpine (37,44) and by dopamine 
receptor blocking agents administered either systemically 
(11,25,29,30,44) or directly into the nucleus accumbens 
(N.Ac.) (44). In addition, MK-801 has been shown to produce 
an increase in dopamine turnover in various brain regions 
(25,35). Finally, the systemic administration of MK-801 has 
been shown to increase the firing rate of dopaminergic neu- 

rons, as recorded from the ventral tegmental area (VTA) 
(14,27,45). These observations suggest that the stimulation of 
locomotion produced by the systemic administration of MK- 
801 is mediated by endogenous dopamine through the activa- 
tion of dopaminergic receptors in the N.Ac. 

However, there is also evidence that MK-801-stimulated 
locomotion can be produced by dopamine-independent mech- 
anisms. Thus, the systemic administration of high doses of 
MK-801 has been reported to stimulate locomotor activity in 
reserpine-pretreated mice (6,7). In addition, it has recently 
been reported that the destruction of dopaminergic neurons in 
the N.Ac. by the injection of 6-hydroxydopamine into this site 
did not inhibit the locomotor stimulation produced by MK- 
801 (29). This latter observation is in agreement with the find- 
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ing that the administration of MK-801 directly into the N.Ac. 
produces a stimulation of locomotor activity, which is not 
blocked by haloperidol(34). 

Recent studies have been concerned with determining the 
neural site where MK-801 may act to produce locomotor stim- 
ulation. The administration of MK-801 into either the N.Ac., 
which contains dopaminergic terminals, or the ventral tegmen- 
tal area, which contains dopaminergic cell bodies, elicited an 
increase in locomotor activity (20,34). The stimulation pro- 
duced by the administration of MK-801 in the N.Ac. was not 
attenuated by haloperidol, suggesting the involvement of a 
dopamine-independent mechanism. However, the effects of 
other dopaminergic antagonists on this response were not 
studied. In addition, none of the studies reported so far have 
looked at the involvement of dopamine in the behavioral acti- 
vation elicited by MK-801 administration into the VTA. 
Therefore, the goal of the present work was to further assess 
the importance of dopamine in the behavioral stimulation pro- 
duced by MK-801 by studying the role of dopaminergic mech- 
anisms in the locomotor stimulation produced by the adminis- 
tration of MK-801 into dopaminergic terminal sites in the 
nucleus accumbens and dopaminergic cell body sites in the 
VTA. The results suggest that dopaminergic mechanisms are 
involved in the behavioral effects produced by injections of 
MK-801 into both sites, In addition, the characteristics of the 
behavioral response to the administration of MK-801 into the 
VTA closely resemble those produced by the administration 
of MK-801 systemically. 

METHOD 

Administration of Drugs Into the Brain 

Male Sprague-Dawley rats (Harlan Inc., Indianapolis, IN), 
weighing ZOO-350 g, were housed four animals per cage in a 
temperature-controlled environment (23 f l°C) with a 12 
D : 12 I, cycle. The animals were provided with food and water 
ad lib. All procedures involving animals were performed in 
accordance with the NIH Guide for the Care and Use of Labo- 
ratory Animals and were approved by the Institutional Labo- 
ratory Animal Care and Use Committee. Animals were habit- 
uated to the locomotor activity test cages for at least 30 min 
prior to surgery. For intracranial administration of drugs, ani- 
mals were first anesthetized with a halothane-oxygen mixture 
and mounted on a stereotaxic frame (David Kopf Instruments, 
Tujunga, CA). Drugs or saline in a volume of 0.5 ~1 were 
injected bilaterally into the VTA and/or the N.Ac. according 
to either the coordinates described by the atlas of Pellegrino et 
al. (32) (tooth bar + 5 mm; VTA: AP - 3.4 from bregma, L 
f I .8, DV - 8.5 from skull surface with needle angled at 6’; 
N.Ac.: AP +3.4 from bregma, L f 1.8, DV -7.5 from the 
surface of the skull) or the atlas of Paxinos and Watson (31) 
(tooth bar -3.3 mm; VTA: AP +4.2 relative to intraaural 
line, L l 2.3, DV - 8.6 from skull surface with needIe angled 
at loo; N.Ac.: AP + 10.2 relative to the intraaural line; L 
f 1.2, DV -7.2 from skull surface). The solutions were in- 
jected over 1 min, using a 1 11 Hamilton syringe (Hamilton 
Co., Reno, NV). After injection, the needle was left at the 
injection site for an additional minute to enable the drug to 
diffuse from the injection site. After the surgery, rats were 
placed in their home cage and allowed S-10 min to recover 
from the halothane and regain their righting reflex. There 
appeared to be no lasting effect of halothane on motor func- 
tion, because as soon as the animals recovered, they began to 
move about the cage in a coordinated manner. 

In some studies, intracranial injections were made using 

chronically implanted cannulas. Rats were anesthetized with 
xylazine (15 mg/kg, IP) and ketamine (60 mg/kg, IP) and 
22 gauge guide cannulas (Plastic One, Roanoke, VA) were 
implanted bilaterally 2 mm above the VTA, using the coordi- 
nates of Pellegrino et al. (32) described above. The cannulas 
were attached to the skull with stainless steel screws and crani- 
oplastic cement (Plastic One). After surgery, wires were placed 
into the guide cannulas to keep them patent. On the day of 
drug injections, the wires were removed, and a 28 gauge inner 
injector cannula (Plastic Products, Roanoke, VA) was low- 
ered to the VTA extending 2.0 mm below the guide cannula 
tip. A drug solution of 0.5 ~1 volume was infused bilaterally 
for a period of one minute into the VTA on each side. After 
the infusion, the inner cannula was removed, the wires rein- 
serted into the guide cannula, and the animals were placed in 
locomotor activity cages. 

Measurement of Locomotor Activity 

Following recovery, locomotor activity was monitored in 
activity cages (Columbus Instruments Inc., Columbus, OH), 
which were ventilated Plexiglas boxes, measuring 42 sq. cm 
and 20 cm high and containing a 12 x 12 grid of infrared 
beams, 3.5 cm apart and 5 cm from the bottom of the cages. 
Ambulatory counts were recorded when two consecutive 
beams were interrupted. 

Histology 

After each experiment, the brains were fixed in 10% for- 
malin for at least 24 h and then frozen. They were sectioned 
using a Cryo-Cut Microtome (American Optical Corp., Buf- 
falo, NY), and the positions of the markings left by the needle 
tips were determined and recorded. 

For some animals, the locations of the needle tips aimed at 
the VTA were compared to the locations of tyrosine hydroxy- 
lase positive cells (dopaminergic cells). To accomplish this, 
coronal sections of the midbrain and sagittal brain sections 
were processed for tyrosine hydroxylase immunohistochemis- 
try using a modification of the procedure of Beck et al. (2). 
The animals were perfused with 40% paraformaldehyde to 
fix the brain. Sections were then made using the Cryo-Cut 
Microtome and incubated for 24 h with antityrosine hydroxy- 
lase monoclonal antibody (Boehringer, Chicago, IL) (1 : 
lOOO), diluted in phosphate-buffered saline (PBS) that con- 
tained 2% bovine serum albumin, 0.2% Triton X-100, 0.02% 
sodium azide, and 10% horse serum. The sections were 
washed with PBS and then incubated for 1 h with biotinylated 
secondary antibody (mouse IgG, Vector Labs, Burlingame, 
CA) dissolved in PBS containing 0.2% Triton X-100 and 10% 
horse serum. The sections were then treated with a mixture of 
avidin-biotin-peroxidase and incubated for 1 h. The sections 
were then treated with 6% diaminobenzidene solution con- 
taining 0.1% hydrogen peroxide for 2-3 min, and then washed 
and mounted on gelatin-coated slides. The slides were exam- 
ined with a Nikon microscope. 

d-Amphetamine sulfate and reserpine were obtained from 
Sigma Chemicals Co. (St. Louis, MO). MK-801 hydrogen ma- 
leate, baclofen, eticlopride HCl, and SCH 23390 HCI were 
purchased from Research Biochemicals Inc. (Natick, MA). 
Reserpine was initially dissolved in a minimum amount of 
glacial acetic acid and adjusted to volume with water. All the 
other drug solutions were made in 0.9% saline. 
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Statistical Analysis 

Data are expressed as the mean f SEM. Statistical analy- 
sis was done using an unpaired Student’s t-test, with a level of 
p < 0.05 being considered significant. 

RESULTS 

Effect of MK-801 Administered Into the VTA or the N.Ac. 
on Locomotor Activity: Effect of Reserpine Pretreatment 

The bilateral administration of 10 pg (30 nmol) of (+)MK- 
801 into the VTA or the N.Ac. produced a marked stimulation 
of locomotor activity, while the administration of 10 pg of the 
less active enantiomer, (-)MK-801, had essentially no effect 
(Table 1). To determine the importance of endogenous dopa- 
mine in the locomotor stimulation produced by the local ad- 
ministration of (+)MK-801, rats were pretreated with saline 
or reserpine (5 mg/kg, IP) 18-24 h before the bilateral injec- 
tion of 10 pg of (+)MK-801 into either the VTA or N.Ac. 
Locomotor activity was recorded for 1 h. Reserpine (5 

mg/kg, IP) almost completely inhibited the locomotor stimu- 
lation produced by MK-801 in the VTA and produced a 55% 
inhibition of the locomotor stimulation produced by MK-801 
in the N.Ac. (Fig. 1). 

Effect of the Systemic Administration of the D, Receptor 
Antagonist, SCH 23390, or the D2 Antagonist, Eticlopride, 
on MK-801-Stimulated Locomotor Activity 

Rats were pretreated with either saline, SCH 23390 (0.1 
mg/kg, SC), or eticlopride (0.03 mg/kg, SC) 20 min prior to 
the injection of MK-801 (10 pg) into either the VTA or the 
N.Ac., and locomotor activity was recorded for 1 h. These 
doses of the antagonists were chosen because they were shown 
previously to inhibit the locomotor stimulation produced by 
the systemic administration of MK-801 (44). Both of the DA 
receptor antagonists were found to significantly inhibit the 
stimulatory effect produced by the administration of MK-801 
into the VTA (Fig. 2). However, only SCH 23390, the D, 
receptor antagonist, inhibited the stimulatory effect of MK- 
801 injected into the N.Ac. (Fig. 3). Eticlopride, at a dose that 
antagonized the stimulatory effect of systemically adminis- 
tered MK-801 (44), did not inhibit the stimulatory response to 
intraaccumbal MK-801 administration (Fig. 3). 

TABLE 1 

EFFECT OF ADMINISTRATION OF (+)MK-801 AND 
(-)MK-801 INTO THE W-A AND THE N.Ac. ON 

LOCOMOTOR ACTIVITY 

Locomotor Activity (Mean + SEM) 

Drug VTA N.Ac. 

Saline 612 f 73 743 f 96 
(+)MK-801 11906 zt 685* 8602 + 93.5* 
(-)MK-801 716 f 205 759 zt 203 

Rats were injected bilaterally with saline, 10 pg of 
(+)MK-801, or 10 pg of (-)MK-801 in either the VTA or 
the N.Ac., and locomotor activity was recorded for 1 h. 
Each value is the mean f SEM of four determinations. 

*p < 0.01. 
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FIG. 1. Effect of reserpine on the locomotor stimulation produced 
by MK-801 injected into the VTA or into the N.Ac. Rats were treated 
with reserpine (5 mg/kg, IP) or vehicle, and 18-24 h later injected 
with MK-801 (10 &side) in the VTA or in the N.Ac. Locomotor 
activity was recorded every 10 min for 1 h. Each value represents the 
mean i SEM of four to six animals. *p < 0.01 and **p < 0.05. 

Effect of the Administration of Baclofen Into the VTA on 
the Locomotor Stimulation Produced by Systemically 
Administered MK-801 and Apomorphine 

The GABA, receptor agonist, baclofen, inhibits the activ- 
ity of dopaminergic neurons projecting from the midbrain to 
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FIG. 2. Effect of D,-antagonist SCH 23390 and D,-antagonist eticlo- 
pride on the change in locomotor activity over time after the injection 
of MK-801 into the VTA. Rats were treated with SCH 23390 (0.1 
mg/kg, SC) or eticlopride (0.03 mg/kg, SC) or vehicle and 20 min 
later injected with MK-801 (10 pg/side) in the VTA. Locomotor activ- 
ity was recorded every 10 min for 1 h. Each value represents the mean 
f SEM of four to six animals. *p c 0.01. 



568 NARAYANAN ET AL. 

9.000 

: 
e 
$ 6,000 

2 u 
3,000 

0 
3,500- “K80, MK801 H(801 

0 MK801 + SAL + I + 
SAL sm ET1 

3,000- l MK801 + SCH 

2,500 
= MK801 f ET1 

T 1 

“0 10 20 30 40 50 60 

TIME IN MIN 

FIG. 3. Effect of D,-antagonist SCH 23390 and D,-antagonist eticlo- 
pride on the change in locomotor activity over time after the injection 
of MK-801 into the accumbens. Rats were treated with SCH 23390 
(0.1 m&kg, SC) or eticlopride (0.03 mg/kg, SC) or vehicle and 20 
min later injected with MK-801 in the N.Ac. Locomotor activity was 
recorded every 10 min for 1 h. Each value represents the mean f 
SEM of four to six animals. *p < 0.01. 

the striatum and the N.Ac. (22,28,33,37). In addition, baclo- 
fen injected into the VTA inhibits spontaneous locomotor ac- 
tivity (40) and the stimulation of locomotion induced by am- 
phetamine or cocaine (19). To determine whether the 
administration of baclofen into the VTA inhibited the effects 
of MK-801 administered systemically, either baclofen (32 ng- 
0.15 nmol) or vehicle was bilaterally administered into the 
VTA 5 minutes before MK-801 (0.1 mg/kg, IP). Baclofen 
markedly inhibited the locomotor stimulation produced by 
MK-801 (Fig. 4). As a control, the effect of the direct acting 
dopaminergic agonist, apomorphine (5 mg/kg, SC) was deter- 
mined in animals pretreated with baclofen (0.15 nmol) or vehi- 
cle in the VTA. Baclofen pretreatment produced only a small 
decrease in the locomotor response to apomorphine, which 
was not significantly different from the vehicle-treated control 
group (Fig. 4). In agreement with the results of Kalivas (19), 
baclofen at the dose of 0.15 nmol injected into the VTA did 
not significantly inhibit locomotor activity relative to that of 
control animals injected with vehicle (443 f 239 activity 
counts for baclofen treated animals compared to 447 * 231 
for control). 

Effect of Baclofen on the Locomotor Stimulation Produced 
by the Administration of MK-801 Into the VTA or the N.Ac. 

Rats were injected bilaterally with baclofen (0.15 nmol) or 
vehicle together with MK-801 (10 pg) into the VTA. In a sec- 
ond experiment, baclofen (0.15 nmol) or vehicle was adminis- 
tered bilaterally into the VTA immediately prior to the bilat- 
eral administration of MK-801 (10 pg) into the N.Ac. In both 
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FIG. 4. Effect of baclofen injected into the VTA on the locomotor 
stimulation produced by the systemic administration of MK-801 (0.1 
m&kg, IP) or apomorphine (5 mg/kg, SC). Rats were injected with 
baclofen (0.15 nmol/side) or vehicle into the VTA and 5 min later 
injected with either MK-801 (0.1 mg/kg, IP) or apomorphine (5 
mg/kg, SC). Locomotor activity was recorded every 10 min for I h. 
Each value represents the mean f SEM of 5-10) animals. *p < 0.05. 

experiments, locomotor activity was recorded for 1 h. Baclo- 
fen, injected into the VTA, inhibited the locomotor stimula- 
tion produced by MK-801 administered into either the VTA or 
the N.Ac. (Fig. 5). 

Effect of Baclofen, Reserpine, and SCH 23390 on the 
Locomotor Stimulation Produced by MK-801 Administered 
Into the VTA Using Chronic Cannula 

To determine whether the halothane or the surgical proce- 
dure affected the locomotor response to MK-801, rats were 
implanted with chronic cannulas over the VTA, as described 
in the methods section, and injected into the VTA with saline 
and baclofen (0.15 nmol/side) 5 min prior to saline and 
MK-801 (10 pg/side). Some of the animals injected with MK- 
801 received reserpine (5 mg/kg, IP) 18-24 h prior or SCH 
23390 (0.1 mg/kg, SC) 20 min prior to the administration of 
MK-801 into the VTA. Locomotor activity was recorded for 1 
h. As we have found in experiments using halothane as the 
anesthetic, MK-801 injected into the VTA produced a marked 
stimulation of locomotion (Fig. 6). This stimulation was re- 
versed by either the administration of baclofen into the VTA 
immediately prior to MK-801 administration or by reserpine 
or SCH 23390 administered systemically (Fig. 6). 

Histology 

Figures 8 and 9 show representative photomicrographs of 
the regions of the VTA and the N.Ac., where the needle tips 
were located. For the VTA, the tips were found to be located 
medial to the substantia nigra in the region of tyrosine hydrox- 
ylase positive cells. For the N.Ac. the needle tips were located 
slightly medial to the anterior commissures. The needle tip 
markings from animals that were injected using the coordi- 
nates of Pellegrino et al. (32) were located at similar sites as 
markings from animals injected using the coordinates from 
Paxinos and Watson (31). In confirmation of this, animals, 
injected with MK-801 and baclofen into the VTA and the 
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FIG. 5. Effect of baclofen injected into the VTA on the locomotor stim- 
ulation produced by MK-801 (10 pg/side) injected into the VTA or into 
the N.Ac. Rats were coadministered MK-801 (10 pg/side) with either 
baclofen (0.15 nmol/side) or vehicle in the VTA, or with baclofen (0.15 
nmol/side) or vehicle in the VTA followed by MK-801 (10 pg/side) in the 
accumbens and the locomotor activity recorded every 10 min for 1 h. 
Each value represents the mean f SEM of seven animals. *p < 0.01. 

N.Ac. using either set of coordinates, displayed similar behav- 
ioral effects (data not shown). Consequently, the data using 
both sets of coordinates were combined for this study. 

In one study, an error was made in the measurement of the 
coordinates for the VTA, and drugs were injected bilaterally 
into sites located 1.0 to 1.5 mm caudal to the standard VTA 

site described in the methods section. Histological examina- 
tion of this injection site using a tyrosine hydroxylase immu- 
noassay showed that the injections into the caudal VTA region 
were medial to the substantia nigra and in close proximity 
to dopaminergic cells (Fig. 8b). The results obtained from 
injections of drugs into the caudal VTA were comparable to 

5 8,000 

: 

? 6,000 

5 
: 4,000 

2,000 

SAL MK-801 MK-801 MK-801 MK-801 MK-801 
+ + 

SAL BAC Sk RiS Sk 

FIG. 6. Effect of baclofen, reserpine, and SCH 23390 on the locomotor 
stimulation produced by MK-801 administered into the VTA using 
chronic cannula. (a) Rats were injected into the VTA with saline or baclo- 
fen (0.15 nmol/side) and 5 min later injected with MK-801 (10 pg/side) 
or saline. Locomotor activity was recorded every 10 min for 1 h. (b) Rats 
were injected with saline, reserpine (5 mg/kg, IP) 18-24 hours prior or 
SCH 23390 20 min prior to the administration of MK-801 (10 pg/side) 
into the VTA. Locomotor activity was recorded every 10 min for 1 h. 
Each value represents the mean f SEM of three to six animals. *p < 
0.01. 
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FIG. 7. Effect of baclofen injected into the caudal border of the VTA 
on the locomotor stimulation produced by the administration of MK-801 
either systemically, into the VTA or into the N.Ac. Rats were either 
pretreated with or coadministered baclofen (0.15 nmol/side) or vehicle in 
the VTA and 5 min later were treated with either MK-801 (0.1 mg/kg, 
IP), or MK-801 (10 pg/side) in the VTA or in the N.Ac. and the locomo- 
tor activity was recorded every 10 min for 1 h. Each value represents a 
mean f SEM of five to nine animals. *p < 0.01 and **p < 0.05. 

those obtained from drug administration into the more central 
VTA site described in the Method section. Thus, the adminis- 
tration of MK-801 into the caudal VTA site produced an 
intense stimulation of locomotion, which was inhibited by 
reserpine pretreatment (data not shown), indicating the involve- 
ment of dopaminergic mechanisms. In addition, baclofen ad- 
ministered into this site inhibited the stimulant response to 
MK-801 injected either systemically or into the VTA (Fig. 7). 
Unexpectedly, baclofen, when injected into the caudal VTA 
site, did not inhibit the locomotor response to MK-801 in- 
jected into the N.Ac. (Fig. 7). This observation suggests that 
the locomotor stimulatory effects produced by the administra- 
tion of MK-801 into the N.Ac. may depend upon the activity 
of those dopamine neurons with perikarya located at sites in 
the central region of the VTA but not in the caudal border of 
the VTA. 

DISCUSSION 

The results of this study show that MK-801 administered 
either systemically, into the N.Ac., or into the VTA produces 
a locomotor stimulatory response, which appears to require 
endogenous dopamine. Thus, reserpine, which depletes brain 
tissue of dopamine by over 95% (1,3,8,18), completely antag- 
onized the locomotor response to MK-801 administered sys- 
temically (44) and inhibited the effects of MK-801 in the VTA 
by over 90% and in the N.Ac. by 55% (Fig. 1). In addition, 
the D, antagonist, SCH 23390, at a dose shown to inhibit the 
locomotor stimulation produced by systemic MK-801 (26,44), 
inhibited the response to MK-801 administered into either the 
VTA or the N.Ac. (Figs. 2 and 3). These observations suggest 
that endogenous dopamine plays an important role in the ac- 
tions of MK-801 administered systemically, into the VTA, or 
into in the N.Ac. 

The stimulatory effect of systemic MK-801 appears to re- 

semble most closely that produced by the administration of 
MK-801 into the VTA. Thus, locomotor stimulation elicited 
by MK-801 given by either method was inhibited by a D, 
antagonist, a D, antagonist, baclofen given in either of two 
VTA sites, or by dopamine depletion produced by reserpine. 
In contrast, the response to MK-801 given into the N.Ac. was 
different in that it was not attenuated by a D, antagonist or by 
baclofen given in the caudal VTA site. In addition, the N.Ac. 
response was less sensitive to inhibition by reserpine. Such 
observations suggest that an action of MK-801 in the VTA 
provides a major contribution to the stimulant effect pro- 
duced by the systemic administration of the low dose of 0.1 
mg/kg MK-801 used in this study. This is consistent with ob- 
servations that the systemic administration of MK-801 in- 
creases the firing rate of dopaminergic neurons, as recorded 
from the ventral tegmental area (VTA) (14,27,45). This in- 
creased activity of dopaminergic neurons would be expected 
to increase dopaminergic neurotransmission in the nucleus ac- 
cumbens, resulting in the stimulation of locomotor activity. 

The mechanism of the locomotor stimulatory effect of 
MK-801 acting in the VTA is unclear but appears to be medi- 
ated through antagonism of NMDA receptors, because the 
administration of competitive NMDA antagonists into the 
VTA also stimulates locomotor activity (13). In addition, lo- 
comotor stimulation was produced only by the active enanti- 
omer, (+)MK-801. it has been demonstrated that systemically 
administered MK-801 can stimulate the electrophysiological 
activity of meso-accumbal dopaminergic neurons (14,27,45). 
Such an effect would be expected to lead to an increase in 
DA neurotransmission in the N.Ac. It is unlikely that the 
stimulatory effect of MK-801 is mediated by a direct action of 
this drug on dopaminergic neurons, because NMDA, itself, 
has been shown to stimulate these neurons (36,42,45). There- 
fore, MK-801, by antagonizing NMDA receptor activation, 
should inhibit rather than stimulate neuronal activity. One 
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FIG. 8. Representative photomicrograph of a tyrosine hydroxylase (TH) immunostained section at 2.76 x and 13.8 x magnification showing 
the sites of injection. (a) Central region of the VTA: the lower magnification shows that the needle tip was located medial to the substantia nigra 
(SN) and lateral and slightly dorsal to the interpeduncular nucleus (IP). The arrow indicates the site shown at higher magnification. The higher 
magnification shows that the needle tip was in the region of TH immunopositive cells. (b) Caudal region of the VTA: the lower magnification 
micrograph shows that the tip of the needle tip was located lateral and slightly dorsal to the IP and dorsal to the medial lemniscus (ML). The 
arrow indicates the site shown at higher magnification. The higher magnification micrograph shows that the lesion produced by the needle tip is 
in the vicinity of TH immunopositive cells. 

explanation that has been suggested (45) is that glutamatergic 
neurons that project to the VTA may activate NMDA recep- 
tors, producing a stimulation of inhibitory GABAergic in- 
terneurons and/or collaterals of efferent GABAergic neurons 
projecting from the VTA. The resultant enhancement of 
GABA release would activate GABAs receptors on meso- 
limbic dopaminergic neurons, inhibiting their firing rate. Con- 
sistent with this hypothesis are the recent observations that 
local perfusion of the VTA with high concentrations of 
NMDA can decrease the firing rate of VTA DA neurons in 
vitro and inhibit DA release in the N.Ac., measured in vivo 
using microdialysis in halothane-anesthetized animals (43). 
According to this hypothesis, MK-801, by antagonizing 
NMDA receptors, would inhibit the excitation of GABAergic 
interneurons, thereby disinhibiting meso-accumbal dopamine 
neurons. 

Baclofen, a GABA, receptor agonist, when injected into 
the VTA inhibits the activity of dopamine neurons (16,22, 
28,33) and the locomotor stimulant effects of cocaine, am- 
phetamine, and DAMGO, a mu receptor opioid agonist (19). 
In the present study, baclofen, injected into the VTA, inhib- 

ited the locomotor stimulation produced by MK-801 injected 
either systemically, into the VTA, or into the N.Ac. (Figs. 4 
and 5). In contrast, baclofen did not inhibit normal locomotor 
activity and produced a relatively small inhibition of the stim- 
ulatory effect of apomorphine (Fig. 4), a dopamine receptor 
agonist whose effects presumably do not require activation of 
dopaminergic neurons. These observations suggest that the 
stimulant effects of MK-801 are dependent upon the uninter- 
rupted activity of meso-accumbal dopamine neurons and pro- 
vide further evidence that the stimulatory effects of MK-801 
are dependent upon endogenous dopamine neurotransmission 
in the N.Ac. 

The effects of MK-801 administered into the N.Ac. dif- 
fered from those elicited by MK-801 administered systemically 
or into the VTA. Thus, the effects of intraaccumbens adminis- 
tration were not inhibited by the D, receptor antagonist, 
eticlopride (Fig. 3) or by baclofen administered into the caudal 
VTA site. The apparent lack of activation of D, receptors is 
compatible with the observations of Raffa et al. (34), who 
found that the response to MK-801 injected into the N.Ac. 
was not inhibited by haloperidol, which is primarily a D, re- 
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ceptor antagonist (39). However, the effects produced by the 
direct injection of MK-801 in the N.Ac. still appear to require 
endogenous dopamine, since they are attenuated by reserpine 
and a D, antagonist. It is unlikely that the locomotor response 

FIG. 9. Representative photomicrograph of a cresyl violet stained 
section showing the location of the needle tip in the nucleus accum- 
hens (N.Ac.). The needle tip was located just medial to the anterior 
commissures (AC). 

to MK-801 injected into the N.Ac. is caused by the release 
of dopamine from nerve terminals at this site because the 
locomotor activity elicited by amphetamine and cocaine, 
which act by increasing dopamine levels in the synapse, is 
inhibited by D, antagonists (4,12). It, therefore, appears that 
the locomotor response to intraaccumbal MK-801 is mediated 
by an enhanced activation of D, dopaminergic receptors, but 
the mechanism is unclear. Perhaps MK-801 can sensitize D, 
receptors to dopamine, enabling them to act independently of 
D, receptors, as is observed in some cases of supersensitivity 
(5). Consistent with this hypothesis is the recent observation 
that systemic administration of MK-801 enhances the in vivo 
binding of [‘HI-SCH 23390 in the striatum (21). In addition, 

MK-801 was shown to enhance the stimulant effect of a D, 
agonist, but not a D, agonist, in monoamine-depleted mice 
(1538) 

Most of the reports indicating that MK-801 stimulates loco- 
motor activity independent of dopaminergic mechanisms uti- 
lize doses that are IO-fold higher (7) than those used in the 
present study. However, a recent report that 6-hydroxy- 
dopamine-induced lesions of the N.Ac. did not block the stim- 
ulation produced by systemic administration of low doses of 
MK-801 (29) points toward mechanisms other than enhanced 
dopamine neurotransmission in the behavioral effects of MK- 
801. At present, we cannot reconcile our observations with 
these findings. The effects of MK-801 could, in part, involve 
serotonergic neurons, because ipsapirone, a S-HT,, receptor 
ligand, has been reported to antagonize some of the behav- 
ioral effects of systemic MK-801 (23). Future studies should 
examine the role of serotonergic mechanisms in the effects 
produced by the local administration of MK-801 into the VTA 
and the N.Ac. and determine whether the chronic loss of do- 
pamine neurons after 6-hydroxydopamine might alter the be- 
havioral response to MK-801. 

In conclusion, the present study shows that the VTA and 
the N.Ac. are sites of action for MK-801-induced stimulation 
of locomotion. The effects of MK-801 at both sites are depen- 
dent on endogenous dopamine. The effects of MK-801 in the 
VTA closely resemble those of systemic administration of low 
doses of MK-801, suggesting the VTA as a primary target 
following systemic administration. However, the N.Ac. is also 
likely to be involved and may become increasingly important 
at higher systemic doses of MK-801. 
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