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GANDOLFI, O., R. RIMONDINI AND R. DALL'OLIO. o-Cycloserine decreases both 131 and D~ dopamine receptors 
number and their function in rat brain. PHARMACOL BIOCHEM BEHAV 48(2) 351-356, 1994.-Twenty-four hours 
after the implantation of the transstriatal probe v-cycloserine (3 mg/kg IP), a partial agonist of the strychnine-insensitive 
NMDA-associated glyciue recognition site failed to change DA and DOPAC extracdlular output in rat striatal dialysates. In 
extensively washed synaptic plasma membranes prepared both from cortices or striata of rats treated with D-cycloserine 
[3H]-MK 801 specific binding was increased. In contrast, in striatal membranes the B E values of both [3H]-SCH 23390 and 
[3H]-spiroperidol bindings to Dt and D2 dopamine receptors were decreased. Parallel decreases both of grooming behavior 
induced by the DI agonist SKF 38393 (10 mg/kg IP) and of the hyperactivity eficited by the D2 agonist LY 171555 (0.3 mg/kg 
IP) in rat were observed. 
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PHYSIOLOGICAL variations in the activity of  dopaminergic 
neurons in rat brain have been observed after the administra- 
tion of  drugs that, through different mechanisms, modify the 
NMDA-sensitive glutamate receptor. Consequently, an in- 
crease of  dopaminergic tone, which causes the clinical symp- 
toms of  schizophrenia, could be strictly related to the deficiency 
in central glutamatergic transmission (12,20,22). According to 
this view, it has been suggested that glutamaterglc agonists may 
be useful therapeutic tools in the treatment of  schizophrenia, 
and glutamatergic antagonists could be used in the treatment of  
Parkinson's disease (6). However, the exact mechanisms under- 
lying the functional interaction between glutamatergic and do- 
paminergic neurons are at present poorly understood. 

Modulatory effects of  NMDA-sensitive glutamate recep- 
tors on the release of  dopamine (DA) have been observed in 
tissue slices ( 1,5,13,19,25,29,31,32,34) and in dissociated cell 
cultures of  rat mesencephalon (3,28). However, while in vitro 
techniques have provided many informations about the effects 
of  glutamaterglc drugs on dopaminerglc transmission, such 
data may not correspond with extracenular levels of  this trans- 
mitters in the intact animal. In vivo microdialysis techniques, 

did not generate univocal results; intrastriatal infusions with 
NMDA increased (24,27) or did not influence (18) extracellu- 
lar levels of  DA, while IP injections with PCP increased DA 
(7) or DOPAC (36) in rat striatum. 

In rat anterior striatum, MK-801 transiently decreased ex- 
tracellular dopamine (39). The potentiation of  NMDA- 
induced release of  DA in rat striatum by glycine is debated. 

The present work describes biochemical and behavioral in- 
vestigations that examined the effect of  D-cycloserine (DCS), a 
partial agonist of  the strychnine insensitive NMDA-associated 
glycine site (16), upon dopaminergic transmission in rat stria- 
tum. Previous studies from our laboratory have shown that 
DCS greatly potentiated the neuroleptic activity induced either 
by DI or D2 dopamine receptor blockers (11); therefore, in 
this study we examined whether a dose of  DCS that per se 
failed to affect animal spontaneous behavior (15), could mod- 
ify a) DA outflow in striatal dialysates, b) the kinetic charac- 
teristic of  DI or D2 dopamine receptors in rat striatal mem- 
branes, and c) the dopamine-mediated behaviors induced in 
rats by spedfic Dl (SKF 38393) or D 2 (LY 171555) dopamine 
receptor agonists. 

i To whom requests for reprints should be addressed. 
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METHOD 

Animals 

Male Sprague-Dawley rats (175-200 g) from Charles River 
Italia were used in all experiments. They were housed in indi- 
vidual cages (if implanted with transstriatal dialysis probe) 
or four per cage under standard laboratory conditions with 
automatic control of  light (from 0700-1900 h), temperature 
(22 + 20C) and relative humidity (60070). 

Drugs 

LY 171555 [Trans-(-)-4a R-4,4a,5,6,7,8,8a,9-octahydro- 
5-propyl-2H-pyrazolo-(3,4)-quinoline HC1] (Eli Lilly Co., In- 
dianapolis, IN) and D-cycloserine (Aldrich) were dissolved in 
saline; SKF 38393 (2,3,4,5,-tetrahydro-7,8-dihydroxy-l-phenyl- 
1H-3-benzazepine) and dizocilpine (MK 801) (RBI, Wayland, 
MA) were dissolved in distilled water. 

In radioligand binding studies [3H]-MK 801, [3H]-SCH 
23390, and [3H]-spiroperidol (NEN, Boston, MA), cold SCH 
23390 [(R)-(+ )-8-chloro-2,3,4,5,-tetrahydro-3-methyl-5-phenyl- 
1H-3-benzazepine-7-maleate] (Schering Corp., Bloomfield, 
N J), (+)-butaclamol (Sigma, St. Louis, MO) were employed. 

For the analysis of dialysates, 3-hydroxytyramine (DA), 
and 3,4-dihydroxyphenylacetic acid (DOPAC) (Sigma, St. 
Louis, MO) were dissolved in perchloric acid (0.1 M). 

Transstriatal Dialysis 

Extracellular concentrations of  DA and DOPAC were 
studied in groups of  rats implanted stereotaxically with a hori- 
zontal dialysis probe passing through both dorsal striata (17). 
In brief, one hole was drilled on each side of  the temporal 
bone at the level of the head of  the candate nucleus according 
to the stereotaxic atlas (21). A dialysis tube bearing a tungsten 
wire was fastened in a transverse position to a stereotaxic 
holder mounted on a stereotaxic apparatus. The dialysis tube 
(AN.69 Hospal 0.045 mm i.d., active length 6 mm artificial 
kidney for human) had a the molecular weight cutoff of the 
membrane 45,000. The probes were implanted during Equi- 
tensin anesthesia. The perfusion experiments were carried out 
24 h after implantation of  the cannula. The striatum was per- 
fused using a microinfusion pump (Carnegie CMA 100) with 
a Ringer solution at 2 #l/min. Following a 2 h period of  
equilibration, a minimum of six samples were collected before 
DCS administration and the collection of  samples was contin- 
ued for 2 h. 

The dialysate was collected over 20 min intervals into mi- 
crocentrifuge tubes containing HCI04 0.1 M. Upon comple- 
tion of the microdialysis experiment, each rat was sacrificed 
and the brain was dissected for the verification of  the probe 
location. DA and DOPAC contained in dialysate were deter- 
mined by reverse-phase and HPLC-ED coupled system. 

The mobile phase, consisting of  Na-acetate 0.04 M, SOS 
0.6 mM, EDTA 0.004070, MeOH 15070, acetic acid pH 4.1, 
was delivered (Waters N-509) at 0.8 ml/min and the chro- 
matographic separation was performed on Chrompack 5-C1s 
reverse-phase column (150 x 4.6 mm). The oxidation poten- 
tial was 0.62 V vs. a Ag/AgC1 reference electrode. Recovery 
of  samples exceeded 35 070 and the detection limit of  the assays 
was about 15 fmol/injection for DA. 

High Affinity Radioligand Binding Studies 

The binding assays for [3H]-spiroperidol and [3H]-SCH 
23390 to D1 and D2 dopamine receptors, respectively, were 
carried out according to (2,9). 

Briefly, 30 min following DCS (3 mg/kg IP) or saline ad- 
ministration the animals were killed by cervical dislocation. 
The brain was rapidly extracted from the skull and striata (or 
frontal cerebral cortices) were dissected on ice and kept frozen 
at - 7 0 0 C  until crude synaptic membranes (SPM) were pre- 
pared. On the day of  the assay, the striata were homogenized 
with polytron in ice-cold 50 mM Tris-HCl buffer pH 7.4 and 
the homogenate was resuspended in the same buffer contain- 
ing 120 mM NaC1, 5 mM KCI, 2 mM CaC12. Aliquots of  
membrane suspensions were incubated at 370C for 30 rain 
with different concentrations of [3H]-SCH 23390 (ranging 
from 0.05 to 5 nM) or [3H]-spiroperidol (from 0.025 to 1.5 
nM). The specific binding was determined between the total 
binding and the binding remaining in the presence of  a specific 
displacer; 1 #M cold SCH 23390 or 1 6M (+)-butaclamol 
respectively for [3H]-SCH 23390 and ['H]-spiroperidol. In 
some experiments, striatal membranes were incubated in the 
presence of  ketanserin (200 nM) to exclude the [3H]- 
spiroperidol binding to striatal 5-HT2 receptors. In in vitro 
[3H]-spiroperidol displacement studies, 18 different concen- 
trations of DCS (ranging from 10 -1° to 10 -4 M) were added 
to the incubation mixture containing a saturating concentra- 
tion of  [3H]-spiroperidol (0.5 nM). 

The [3H]-MK 801 binding assays were carried out accord- 
ing to (35). On the day of  the experiment, cerebral cortices 
and striata, dissected as previously described, were homoge- 
nized in 10 vol ice-cold 0.32 M sucrose. The homogenate was 
centrifuged at 1,000 × g, the pellet resuspended in 0.32 M 
sucrose, and centrifuged again at 1,000 x g. The superna- 
tants were pooled, centrifuged at 45,000 x g to yield P2 pel- 
lets. These were resuspended in 20 vol Tris-HC1 pH 7.7 at 
40C and centrifuged at 45,000 x g. Pellets were suspended 
in ice-cold water and centrifuged again. This procedure was 
repeated three times and the pellets were frozen at - 800C for 
at least 18 h. On the day of the assay, pellets were thawed, 
suspended in 5 mM Tris-HCl pH 7.7 at 40C, and centrifuged 
at 30,000 × g, then the pellets were washed four times in 100 
vol 5 mM Tris-HC1 pH 7.7 and incubated at room temperature 
for 20 min prior to centrifugation at 30,000 x g. The final 
pellet was resuspended in Tris-HC1 to give a protein concen- 
tration of 0.8-1 mg/ml. Aliquots of membrane suspensions 
were incubated for 2 h at 25°C with [3H]-MK 801 (5 nM, 
striata) or with different concentrations of  [3H]-MK 801 (rang- 
ing from 0.5 to 25 riM, cortices). In some experiments, exten- 
sively washed membranes were incubated in the presence of 
different concentrations of DCS (ranging from 10 -s to 10 -4 
M) and a saturating concentration (5 nM) of  [3H]-MK 801. 
The specific binding was determined between the total binding 
and the binding left in the presence of 1/~M cold MK 801. 

At the end of incubation period, the mixtures for [3H]-MK 
801, [~H]-SCH 23390 and [3H]-spiroperidol binding assays 
were rapidly filtered through Watman GF/C filters and the 
radioactivity remaining on the filters was counted by liquid 
scintillation spectrometry using ATOMLIGHT (NEN, Bos- 
ton, MA). 

The kinetic characteristics of the specific bindings were 
analyzed as described (33): proteins were measured using BSA 
as standard (23). 

L Y 171555-Induced Hyperactivity 

Rat locomotor activity was evaluated by means of  actome- 
tric cages consisting of  38 × 30 × 25 cm plastic cages with 
stainless steel grid floor previously described (10). DC current 
(65 V, 25 #A) was continuously delivered to the grid floor and 
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every closure of the circuit by a rat's paw was recorded. The 
animals, after a 1 h habituation to the cage, received saline or 
DCS (3 mg/kg IP) followed by the specific D 2 agonist LY 
171555 (0.3 mg/kg IP), and their activity counts were taken 
every 10 min for 2 h. 

SKF 38393-Induced Grooming Behavior 

This response is considered a specific nonstereotyped be- 
havior mediated by D~ receptors consisting of "episodes of 
grooming with the snout being directed rigorously towards the 
body" (26). The rats were placed into the actometric cages and 
were allowed to explore for 60 min before receiving DCS (3 
mg/kg IP) or saline followed by the selective DI agonist SKF 
38393 (10 mg/kg IP). Observers unaware of the treatments 
recorded the total grooming time (min) starting after SKF 
38393 administration for 60 min. To characterize the behav- 
ioral effects induced by DCS, groups of rats were treated with 
saline or DCS (3 mg/kg IP) followed 30 min later by IP injec- 
tions with MK 801 (0.25 mg/kg IP) following 1 h habituation 
period to the experimental environment. Locomotor activity 
was recorded for 120 min. 

Statistical Analysis 

Behavioral results were analyzed by means of ANOVA fol- 
lowed by single comparisons of the means (Dunnet's t-test); 
radioligand binding data were analyzed by Student's t-test, 
and extraceliular concentrations of DA and DOPAC were an- 
alyzed by means of two-way analysis of variance. 

RESULTS 

Biochemical Studies 

Twenty-four hours after the implantation of the transstria- 
tal probe a steady-state extracellular output of DA (203 + 
2.9 fmol/sample) and DOPAC 09.3 + 0.3 pmol/sample) 
was found. 

In Fig. l ,  the average basal values in the last three samples 
of the stabilized output were considered as 100% and values 
obtained after saline or DCS treatment were expressed as per- 
centage of control. While saline administration failed to 
change the basal values of DA and DOPAC, DCS induced a 
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FIG. 1. Effects of DCS (3 mg/kg) on DA and DOPAC output from 
rat striatum. Each time represents the mean of data from six animals 
expressed as a percentage of the basal value. Mean (+ SEM) baseline 
values were: DA 203 + 2.9 fmol/sample n = 15; DOPAC 19.3 + 
0.3 pmol/sample n = 15. 

O~ 

40- • 

~o 30- 

m b 20- 

'~' ~ 10- 
~..-, "'" • 

" ~ 0  . . . . .  
log [ DCS ] M 

FIG. 2. Stimulation of specific [3HI-MK 801 binding (5 nM) by DCS 
in extensively washed SPM prepared from rat frontal cortex. The 
stimulation of binding was measured as an increase over basal specific 
binding (measured in the absence of DCS; 295 ± 22 fmol/mg) ex- 
pressed as a percentage. 

slight but nonsignificant increase in DA (that parallel with a 
decrease in DOPAC concentrations) in striatal dialyzates. 

Figure 2 shows the concentration-dependent increase of 
[3H]-MK 801 specific binding (5 nM) to extensively washed 
SPM prepared from rat frontal cortex by the in vitro addition 
of DCS (10 -s - 10 -4 M). The maximal response was about 
50°70 with the highest DCS concentration. In contrast, the 

l0  4 addition of DCS (ranging from 10- to 10- M) into the assay 
tubes failed to modify [°H]-spiroperidol binding (0.5 nM) to 
SPM prepared from rat striata (not shown). In this experi- 

X 4 o o  
C 

E 
:moo 

a o o  
i, 

Bmglx 
( f m o l / m g  ) 

I"I C o n t r o l  9 6 5  ± 5 3  

• DCS 1524 ± 6 9 "  

e ~  150, 

" 

s o o  t o o o  lSOO 

Kd 
( r i M )  

3 7  ± 0 . 4  

41 • O 5  

Sel 9CS 

B ( fmo l /mg  ) 

FIG. 3. Scatchard analysis of [3H]-MK 801 specific binding to exten- 
sively washed SPM prepared from the frontal cortex of rats treated 
with DCS (3 mg/kg IP) 30 min before sacrifice. The data result from 
the transformed data from saturation curves (0.5 - 25 nM) of [3H]- 
MK 801. Insert: increase of specific [3H]-MK 801 binding (5 nlvO to 
striatal SPM. Specific [3H]-MK 801 binding in saline-treated rats was 
123 :i: 7 fmol/mg. The nonspecific binding was defined with 10/~M 
cold MK 801. The results are from a single representative experiment 
run in tripficate. *p < 0.05 (Student's t-test) significantly different 
from saline-treated rats. 
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TABLE 1 
KINETIC CHARACTERISTICS OF [3H]-SCH 23390 AND [3H]-SPIROPERIDOL BINDING TO 
SUSPENSIONS PREPARED FROM CRUDE STRIATAL MEMBRANES OBTAINED FROM 

RATS TREATED WITH SALINE OR DCS (3 mg/kg IP) 

Specific Bindings 

[3H]-SCH 23390 [3Hl-spiropcridol 

Treatment B~ (fmol/mg) K~ (nM) B~ (fmol/mg) Kd (nM) 

Saline 721 + 55 0.93 :t= 0.04 368 + 24 0.21 + 0.01 
DCS(3mg/kgIP) 487 + 32* 0.84 + 0.04 179 + 11" 0.17 + 0.01 

The specific bindings of [~H]-SCH 23390 (D1 receptor) (0.5 to 5 nM) and of [3H]-spiroperidol (D2 
receptor) (0.025 to 0.5 nM) were determined in membranes of rats sacrificed 30 min following drug 
injection. 

*p < 0.05 (Student's t-test) significantly different from saline-treated rats. 

ment, although the percent of the specific binding over total 
was more that 70070, we failed to find any displacement of 
[3H]-spiroperidol specific binding to striatal SPM (0.05 
mg/ml). 

Scatchard analysis of [3H]-MK 801 binding to extensively 
washed SPM prepared from cortices of rats treated with a 
single injection with DCS (3 mg/kg IP) is shown in Fig. 3. In 
cortices of rats treated 30 min before the sacrifice with DCS, 
we found an increase (by 57070) in the maximum number (Bm~) 
of [3H]-MK 801 recognition sites while the apparent affinity 
constant (Kd) was unaffected. Consistently, the figure shows 
also (insert) that this treatment increased by around 2007o the 
[3H]-MK 801 specific binding to extensively washed SPM pre- 
pared from rat striata. In contrast, Scatchard analysis (Table 
1) of the saturation isotherm curves showed that DCS de- 
creased the Bma x values of both D~ (32070) and D 2 (52070) recep- 
tors located in rat striatal membranes. No changes in Kd values 
were observed. 

Behavioral Studies 

Table 2 reports the actometric activity induced by the 
NMDA antagonist MK 801 (0.25 mg/kg IP) in rats pretreated 
(5 min) with saline or DCS (3 mg/kg IP). In our experimental 
conditions, MKS01 increased rat motor activity by about five 
times. DCS fully antagonized MK 801-induced hypermotility 

TABLE 2 
A SINGLE INJECTION WITH DCS (30 MIN BEFORE) 

ANTAGONIZED THE MK 801 INDUCED 
HYPERMOTILITY IN RATS 

Rat Actometric Motility 

Pretreatment 

DCS 
Treatment Saline (3 mg/kg IP) 

Saline 205 + 20 198 + 21 
MK801(0.25mg/kgIP) 1101 + 189" 267 + 73 

Mean values + SEM of motility counts recorded from 20 
to 120 rain after drug administration n = 8 per group. 

*p < 0.05 in comparison to saline-pretreated group 
(Dunnet's t test after ANOVA). 

at doses that per se failed to affect animal spontaneous behav- 
ior (205 + 20 vs. 198 + 21). Stereotyped licking, biting, and 
ataxia were never observed during casual observations of rat's 
gross behavior. 

SKF 38393 (10 mg/kg IP) induced grooming behavior and 
LY 171555 (0.3 mg/kg IP) elicited hyperactivity in rats pre- 
treated with saline or with DCS (3 mg/kg IP) are shown in 
Table 3. The D~ agonist SKF 38393 (10 mg/kg IP) doubled 
the rat's grooming time while the locomotor activity simulta- 
neously recorded from the same animals over the observation 
period failed to change (not shown). Similarly, the D2 agonist 
LY 171555 (0.3 mg/kg IP) induced a statistically signifi- 
cant increase in animal motor activity. The pretreatment with 
DCS fully antagonized both the increase of grooming behav- 
ior elicited by SKF 38393 and the hyperactivity induced by 
LY 171555 when administered before the Di or the D 2 agent 
respectively. 

DISCUSSION 

DCS has been shown to be a partial agonist of the strych- 
nine-insensitive NMDA-associated glycine site in vitro (16,38), 
and the present in vitro data indicate that this drug, over a 
wide range of doses increased [3H]-MK 801 binding to exten- 
sively washed SPM from rat cerebral cortex. This radioligand 
assay is considered as a biochemical marker of NMDA chan- 
nel activation in a membrane preparation (4,30); therefore, 
the enhancements of [3H]-MK 801 specific binding both in 
cortex and striatum of rats receiving DCS are indicative of the 
increased frequency of the opening of the NMDA-associated 
cation channels in both brain areas. Our results are also con- 
sistent with other studies that showed a twofold increase of 
cGMP levels in the cerebellum of mice 30 min after similar 
doses of DCS (14,40). Therefore, this effect is quite area- 
unspecific, as although in striatum the number of [3H]-MK 
801 recognition sites is lower (40070) than in cortex they are 
modulated in the same manner but at different extent by DCS. 
The specificity of this action was further supported by our 
observation that a low dose of DCS was effective in antagoniz- 
ing the behavioral response resulting from NMDA blockade 
(the hypermotility induced in rat by MK 801). Other data 
showing that ICV injection of D-alanine and D-serine, by act- 
ing through the same receptor, inhibit the hyperactivity in- 
duced by PCP (37) and block the stereotypy induced by ICV 
administration of PCP or MK 801 (8), also support this inter- 
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TABLE 3 
A SINGLE INJECTION WITH DCS O0 rain) ANTAGONIZED BOTH THE SKF 38393-1NDUCED 

GROOMING BEHAVIOR AND THE LY 171555-INDUCED HYPERMOTILITY IN RATS 

Pretreatment Treatment 

Grooming Behavior Motility 
(10 mg/kg IP) (0.3 mg/kg IP) 

Saline SKF 38393 Saline LY 171555 

Saline 8.4 + 0.9 17.3 :l: 0.9* 210 ± 21 1050 + 113" 
DCS3 mg/kgIP 7.1 ± 1.6 5.1 ± 1.1 200 ± 20 470 ± 75 

Mean values + SEM of LY 171555-induced hypermotility (motility counts in 100 min recording) 
and SKF 38393-induced grooming time (number of rain in 1 h observation). 

*p < 0.05 significantly different of respective control (Dunnet's t-test after ANOVA). 

pretation. The results reported in this paper suggest that the 
DCS enhancement of [3H]-MK 801 binding ex vivo could rep- 
resent a meaningful physiological phenomenon regarding do- 
paminergic function in that the specific bindings of both [3H]- 
SCH 23390 and [3H]-spiroperidol in striatum were decreased 
30 min after DCS administration. In contrast, we failed to 
find any change in binding paramethers to D1 or D2 receptors 
to cortical membranes (not shown). This difference could be, 
in part, explained by the low specific binding of [3H]-SCH 
23390 in rat cerebral cortex where [3H]-spiropefidol preferen- 
tially labels 5-HT 2 receptors. 

Because DCS did not directly interact (up to 10 -4 M) with 
D2 receptors in vitro and we did not find any change in appar- 
ent affinity constants of [3H]-SCH 23390 and [3H]-spiroperi- 
dol bindings ex vivo, we can exclude the possibility that this 
action is due to a direct effect of the drug still present in the 
tissue at the time of the Dm or D 2 radioligand assays. There- 
fore, we can hypothesize that these rapid changes could be 
the result of a NMDA receptor-mediated process that could 
allosterically modulate DA receptors; alternatively a G pro- 
tein-mediated process can be involved. Parallel decreases both 
in D~ or D2 receptor-mediated function were suggested by be- 
havioral studies showing that a dose of DCS that did not 
affect rat spontaneous motility (15) decreased both D~ agonist- 

induced grooming behavior and the hypermotility elicited by 
LY 171555 in the rat. 

This inference is further strenghtened by our recent obser- 
vations that similar doses of DCS greatly potentiated the neu- 
roleptic effect induced by D~ or D2 dopamine receptor block- 
ers (11). 

The possibility that DCS could modify some presynaptic 
mechanisms in dopaminergic transmission is unlikely because 
DCS failed to change DA and DOPAC output in dialysates 
from rat striatum. Further studies of the effect of this drug 
on the neuroleptic or amphetamine-induced increases in the 
release of DA with a different (I-shape) cannula, are in prog- 
ress in our laboratory. 

In conclusion, our results suggest the importance of trans- 
synaptic mechanisms in the functional interaction between 
glutamatergic and dopaminergic neurons in mammalian brain 
providing that cortico-striatai connections are intact; how- 
ever, on the base of present data it is difficult to interpret how 
an increased glutamatergic tone leads to a rapid dowuregula- 
tion of dopaminergic receptors and function. Perhaps indirect 
effects through G proteins are involved. Improved under- 
standing of such neural mechanisms could represent an attrac- 
tive target, leading to the discovery of therapeutically useful 
drugs, particularly in schizophrenia and Parkinson's disease. 

REFERENCES 

1. Asencio, H.; Bustos, G.; Gysling, K.; Labarca, R. N-methyl-D-as- 
partate receptors and release of newly synthesized [3H]-dopamine 
in nucleus accumbens slices and its relationship with neocortical 
afferences. Prog. Neuropsychopharmacol. Biol. Psychiatry 15: 
663-676; 1991. 

2. Billard, W,; Ruperto, V.; Grosby, G.; lorio, L. C.; Barnett, A. 
Characterization of the binding of [SH]-SCH 23990, a selective 
Dt receptor antagonist ligand, in rat striatum. Life Sci. 35:1885- 
1893; 1984. 

3. Boksa, P.; Mount, H.; Chaudieu, I.; Kohn, J.; Quirion, R. Dif- 
ferential effect of NMDA, quisqualate and kainate on [3H]- 
dopamine release from mesencephalic cell cultures. Soc. Neu- 
rosci. Abstr. 15:946; 1989. 

4. Bonhaus, D. N.; Yeh, G. L.; Skaryak, L.; McNamara, J. O. 
Glycine regulation of the N-methyl-D-aspartate receptor-gated ion 
channel in hippocampal membranes. Mol. Pharmacol. 36:273- 
279; 1989. 

5. Bowyer, J. F.; Newport, G. D.; Lipe, G. W.; Frame, L. T. A 
further evaluation of the effects of K + Depolarization on gluta- 
mate-evoked [3H]-dopamine release from striatal slices. J. Phar- 
macol. Exp. Ther. 261:72-80; 1992. 

6. Carlsson, M.; Carlsson, A. Interaction between giutamatergic 

and monoaminergic system within the basal ganglia-implica- 
tions for schizophrenia and Parkinson's disease. Trends Neurosci. 
13:272-276; 1990. 

7. Chapman, C. D.; Gazzara, R. A.; Howard, S. G. Effects of 
phencyclidine on extracellular levels of dopamine, dihydroxy- 
phenylacetic acid and homovanillic acid in conscious and anesthe- 
tized rats. Neuropharmacology 29:319-325; 1990. 

8. Contreras, P. C. D-serine antagonized phencyclidine- and MK 
801-induced stereotyped behavior and ataxia. Neuropharmacol- 
ogy 29:291-293; 1990. 

9. Creese, J.; Butt, D. R.; Snyder, S. H. Dopamine receptor 
binding: Differentiation of agonist and antagonist states with 
[3H]-dopamine and [3H]-haloperidol. Life Sci. 17:993-1002; 
1975. 

10. Dall'Olio, R.; Roncada, P.; Vaccheri, A.; Gandolfi, O.; Mon- 
tanaro, N. Synergistic blockade of some dopamine-mediated be- 
haviors by (-)-sulpiride and SCH 23390 in the rat. Psychophar- 
macology (berlin) 98:342-346; 1989. 

11. Dall'Olio, R.; Gandolfi, O. The NMDA positive modulator D- 
cycloserine potentiates the neuroleptic activity of D l and D2 dopa- 
mine receptor blockers in the rat. Psychopharmacology (Berlin) 
110:165-168; 1993. 



356 G A N D O L F I ,  R I M O N D I N I  A N D  D A L L ' O L I O  

12. Deutsch, S. I.; Mastropaolo, J.; Schwartz, B. L.; Rosse, R. B.; 
Morihisa, J. M. A. "A glutamatergic hypothesis" of schizophre- 
nia. Clin. Neuropharmacol. 12:1-13; 1989. 

13. Dwoskin, L. P.; Jewell, A. L.; Buxton, S. T.; Carney, J. M. 
Phencyclidine-induced desensitization of striatal dopamine re- 
lease. Neuropharmacology 31:1033-1039; 1992. 

14. Emmett, M. R.; Mick, S. J.; Cler, J. A.; Rao, T. S.; Iyengar, S.; 
Wood, P. L. Actions of o-cycloserine at the N-methyl-D- 
aspartate associated glyeine receptor site in vivo. Neuropharma- 
cology 30:1167-1171; 1991. 

15. Herberg, L. J.; Rose, I. C. Effects of o-cycloserine and cycloleu- 
eine, ligands of the NMDA-associated strychnine-insensitive gly- 
cine site, on brain-stimulation reward and spontaneous locomo- 
tion. Pharmacol. Biochem. Behav. 36:735-738; 1990. 

16. Hood, W. F.; Compton, R. P.; Monahan, J. B. D-cycloserine: A 
ligand for the N-methyl-D-aspartate coupled glycine receptor has 
partial agonist characteristic. Neurosei. Lett. 98:91-95; 1989. 

17. Imperato, A.; DiChiara, G. Trans-striatal dialysis coupled to re- 
verse phase high performance liquid chromatography with elec- 
trochemical detection: A new method for the study of the in vivo 
release of endogenous dopamine and metabolites. J. Neurosci. 4: 
966-977; 1984. 

18. Imperato, A.; Crocco, M. G.; Bacchi, S.; Angelucci, L. NMDA 
receptors and in vivo dopamine release in the nucleus accumbens 
and caudatus. Eur. J. Pharmacol. 187:555-556; 1990. 

19. Jhamandas, K.; Marien, M. Glutamate-evoked release of endoge- 
nous brain dopamine: Inhibition by an excitatory amino acid 
antagonist and an enkephaiin analogue. Br. J. Pharmacol. 90: 
641-650; 1987. 

20. Kim, J. S.; Kornhuber, H. H.; Schmid-Burgk, W.; Holzmuller, 
B. Low cerebrospinal fluid glutamate in schizophenic patients 
and a new hypothesis on schizophrenia. Neurosci. Lett. 20:379- 
382; 1980. 

21. K6nig, J. F. R.; Klippel, R. A. The rat brain. A stereotaxic atlas 
of the forebrain and lower parts of the brain stem. Baltimore: 
Williams and Wilkins; 1963. 

22. Kornhuber, J.; Kornhuber, M. E. Presynaptic dopamine modula- 
tion of cortical onput to the striatum. Life Sei. 39:669-674; 1986. 

23. Lowry, O. H.; Rosenbrough, N. J.; Farr, A. L.; Randall, R. J. 
Protein measurement with the folin phenol reagent. J. Biol. 
Chem. 193:265-275; 1951. 

24. Marek, P.; Chapman, C. D.; Howard, S. The effect of phencycli- 
dine and d/-2-amino-5-phosphonovaleric acid on N-methyl-D- 
aspartic acid induced changes in extracellular concentration of 
dopamine and DOPAC in the rat neostriatum. Neuropharmacol- 
ogy 31:123-127; 1992. 

25. Marien, M.; Brien, J. F.; Jhamandas, K. Regional release of 
[3H]-dopamine from rat brain in vitro: Effects of opioids on re- 
lease induced by potassium, nicotine and L-glutamic acid. Can. 
J. Physiol. Pharmacol. 61:43-60; 1983. 

26. Molloy, A. G.; Waddington, J. L. Dopaminergic behavior stereo- 
specifically promoted by the D, agonist R-SKF 38393 and selec- 
tively blocked by the DI antagonist SCH 23390. Psychopharma- 
cology (Berlin) 82:409-410; 1984. 

27. Morari, M.; O'Connor, W. T.; Ungersteedt, U.; Fuxe, K. N- 
methyl-D-aspartic acid differentially regulates extracellular dopa- 
mine, GABA, and glutamate levels in the dorsolateral neostria- 
tum of the halotane-anaesthetized rats: An in vivo microdialysis 
study. J. Neurochem. 60:1884-1893; 1993. 

28. Mount, H.; Quirion, R.; Claudieu, I.; Boksa, P. Stimulation of 
dopamine release from cultured rat mesencephalic cells by natu- 
rally occurring excitatory amino acids: Involvement of both N- 
methyl-D-aspartate (NMDA) and non-NMDA receptor subtypes. 
J. Neurochem. 55:268-275; 1990. 

29. Ohmori, T.; Koyama, T.; Nakamura, F.; Wang, P.; Yamashita, 
I. Effect of phencyclidine of spontaneous and N-methyl-D- 
aspartate (NMDA)-induced efflux of dopamine from superfused 
slices of rat striatum. Neuropharmacology 31:461-467; 1992. 

30. Ransom, R. W.; Stec, N. L. Cooperative modulation of [3HI-MK 
801 binding to the N-methyl-o-aspartate receptor-ion channel 
complex by/-glutamate, glycine, and polyamines. J. Neurochem. 
51:830-836; 1988. 

31. Roberts, P. J.; Sharif, N. A. Effects of L-glutamate and related 
amino acids upon the release of [3H]-dopamine from rat striatai 
slices. Brain Res. 157:391-395; 1978. 

32. Roberts, P. J.; Anderson, S. D. Stimulatory effect of L-glutamate 
and related amino acids on [3H]-dopamine release from rat stria- 
turn: An in vitro model for glutamate action. J. Neurochem. 32: 
1539-1545; 1979. 

33. Scatchard, G. B. The attractions of proteins for small molecules 
and ions. Ann. NY Acad. Sci. 51:660-672; 1949. 

34. Snell, L. D.; Johnson, K. M. Characterization of the inhibition 
of excitatory amino acido-induced neurotransmitter release in the 
rat striatum by phencyclidine-like drugs. J. Pharmacol. Exp. 
Thee 238:938-946; 1986. 

35. Stifling, J. M.; Cross, A. J.; Green, A. R. The binding of [3H]- 
thienyl cyclohexylpiperidine ([3H]-TCP) to the NMDA phencycli- 
dine receptor complex. Neuropharmacology 28:1-7; 1989. 

36. Tanii, Y.; Nishikawa, T.; Umino, A.; Takahashi, K. Phencycli- 
dine increases extracellular dopamine metabolites in rat medial 
frontal cortex as measured by in vivo dialysis. Neurosci. Lett. 
112:318-323; 1990. 

37. Tanii, Y.; Nishikawa, T.; Hashimoto, A.; Takahashi, K. Stereo- 
selective inhibition by D- and L-alanine of phencyclidine-in- 
duced locomotor stimulation in the rat. Brain Res. 563:281-284; 
1991. 

38. Watson, G. B.; Bolanowski, M. A.; Baganoff, M. P.; Deppeler, 
C. L.; Lanthorn, T. H. D-Cycloserine acts as a partial agonist at 
the glyeine modulatory site of the NMDA receptor expressed in 
Xenopus oocytes. Brain Res. 510:150-160; 1990. 

39. Whitton, P. S.; Biggs, C. S.; Pearce, B. R.; Fowler, L. J. Re- 
gional effects of MK 801 on dopamine and its metabolites studied 
by in vivo microdialysis. Neurosci. Lett. 142:5-8; 1992. 

40. Wood, P. L.; Emmett, M. R.; Rao, T. S.; Mick, S. J.; Clef, J. 
A.; Iyengar, S. In vivo modulation of the N-methyl-D-aspartate 
receptor complex by D-serine: Potentiation of ongoing neural ac- 
tivity as evidenced by increased cerebellar cyclic GMP. J. Neuro- 
chem. 53:979-984; 1989. 


