
Pharmacology Biochemistry and Behavior, Vol. 58, No. 1, pp. 159–166, 1997
 1997 Elsevier Science Inc.

Printed in the USA. All rights reserved.
0091-3057/97 $17.00 1 00

PII S0091-3057(96)00375-9

The Behavioral Effects of NMDA
Antagonists in Serotonin Depleted Rats
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PŁAŹNIK, A., M. JESSA, M. NAZAR. The behavioral effects of NMDA antagonists in serotonin depleted rats. PHAR-
MACOL BIOCHEM BEHAV 58(1) 159–166, 1997.—The influence of serotonin (5-HT) depletion (5,7-dihydroxytryptamine,
5,7-DHT, 250.0 mg, ICV), on behavioral effects of non-competitive (MK-801) and competitive (CGP 37849) NMDA antago-
nists, was examined in rats. 5,7-DHT induced very potent and long lasting decrease in the 5-HT concentration in the brainstem
and limbic forebrain. One week after 5,7-DHT administration, dopamine metabolism was found enhanced in the brainstem.
The lesion did not change rat baseline motor and exploratory activity, but it significantly disinhibited animals’ behavior
suppressed by shock, in the Vogel test. Serotonin depletion revealed locomotor stimulating effect of MK-801, administered
IP at the doses of 0.05 and 0.2 mg/kg. However, no change in striatal dopamine metabolism was detected in rats injected
with the same dose of MK-801 (0.2 mg/kg), and examined one week after serotonergic denervation. Serotonergic lesions
antagonized both enhancements of exploratory behavior, and motor suppression produced by the dose of 1.0 and 10.0 mg/
kg of CGP 37849, respectively. Thus, 5,7-DHT-induced lesions influenced in a complex way the effects of NMDA antagonists.
It is reasoned, that enhancement of motor stimulating effects of MK-801 in neurotoxin pretreated animals, reflects synergistic
disinhibition of activity of dopaminergic neurons by MK-801 and serotonin depletion. On the other hand, antagonism of
CGP 37849-caused motor depression can be explained by the lowering influence of 5,7-DHT on serotonin content. It is
known that the release of serotonin is strongly stimulated by higher doses of CGP 37849, and takes part in the expression
of some symptoms of the serotonin-like syndrome, including motor disturbances.  1997 Elsevier Science Inc.
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THERE is an emerging evidence that the interaction between forcement of hippocampal theta activity, reminiscent of a func-
tional lesion of this brain structure (15). Interestingly, similarexcitatory amino acids (EAA) and serotonin (5-HT) may be

important for the control of many brain activities. Raphe nu- effect could be observed after median raphe injections of
5-HT1A agonists, selectively inhibiting activity of serotonergicclei are densely innervated by excitatory amino acids afferents

(1,13,34). Both, N-methyl-d-aspartate (NMDA) and NMDA neurons (14). These findings served to construct a model,
according to which descending EAA fibers innervating thereceptor antagonists have been found to release 5-HT and to

increase its turnover in some brain structures, including the median raphe are thought to exert a facilitatory influence on
GABAergic median raphe interneurons inhibiting, in turn,dorsal and median raphe nuclei (2,19,26,36). On the other

hand, serotonin depletion with selective neurotoxin, 5,7-dihy- serotonergic median raphe neurons (15).
Some behavioral effects of non-competitive NMDA recep-droxytryptamine (5,7-DHT), enhanced 3H-glutamate binding

to quisqualate-insensitive receptors two weeks after the lesion tor antagonist MK-801, are reversed by 5-HT1A receptor antag-
onist and partial agonist (18). The 5-HT1A receptor agonistsin all hippocampal layers (23). In functional studies microinjec-

tions of NMDA antagonists AP-7 (DL-2-amino-7-phosphono- reduce also behavioral syndrome caused by intrathecal admin-
istration of NMDA (24). Many electrophysiological studiesheptanoic acid) and MK-801 ((1)-5-methyl-10,11-dihydro-

5H-dibenzo[a,d] cyclohepten-5,10-imine hydrogen maleate) have shown that serotonin exerts a modulatory effect on gluta-
matergic transmission, depending on brain region studied andto the median raphe nucleus led to NMDA reversible rein-

1To whom requests for reprints should be addressed.
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serotonin receptor subtype involved (8,16,21,25). Thus, there performed in a soundproof chamber under dim light and white
noise conditions (75 dB) without previous adaptation. Generalis evidence for both potentiation and depression of glutamate

responses by 5-HT in different parts of the brain. Moreover, activity (number of photobeam interruptions) was scored au-
tomatically by cumulative recorder for 10 min. Animals wereit appears that the 5-HT system and EAA play important role

in a wide range of behaviors including motility and avoidance also observed for 10 min from an adjacent chamber by an
experimenter via closed-circuit television. The number of en-of fear-evoking stimuli (30,33). However, evidence for 5-HT

versus EAA interaction in these behavioral models of brain tries into the central part of the testing arena was also recorded
(this parameter was defined as a movement of an animal fromactivity is still unavailable.

The present report examined the effects of non-competitive the wall to the central area over a distance of approximately 15
cm). All experiments were performed between 1100 and 1500.(MK-801) and competitive (CGP 37849, DL-(E)-2-amino-

4-methyl-5-phosphono-3-pentenoic acid) NMDA antagonists
on motor activity and fear controlled behaviors, in serotonin Vogel’s Conflict Test
depleted animals.

A modified Vogel’s drinking procedure was used. Appara-
tus consisted of 4 plastic boxes (30 3 30 3 60 cm) equippedMETHOD
with grid floor made of stainless steel rods. A water drinking

Animals and Housing tube was mounted to the wall of a cage, and an electric shock
generator was connected with grid floor and the wire embed-Male Wistar rats (200 6 20 g) obtained from the licensed
ded in glass drinking tube. During the first two days of fourbreeder were used in the study. After the operation, the ani-
days training, animals were deprived of water 23 h daily. Twomals were housed individually under a 12 h light/dark cycle
subsequent days consisted of a pretest, when animals with(lights on at 0600) in a controlled temperature (21 6 28C),
sustained 23 h/24 h deprivation cycle were placed for 15 minand humidity, with free access to food and water. Rats used
in the test apparatus with no electric shocks delivered. Subse-in the Vogel conflict test, shock threshold or baseline drinking
quently, the rats were allowed to drink water for 45 min inexperiments, were deprived of water daily for 23 h, during
their home cages. After four days of training, drinking levelsfour days preceding the test session. Each experimental and
for all animals were usually stabilized (animals drinking lesscontrol group consisted of 7–8 animals.
than 5 ml of water during 15 min long session were not taken
into consideration). During the experimental procedure ani-Drugs and Treatments
mals were placed into the apparatus and electric shocks were
delivered in cycles of five seconds with four second intervals.The following drugs were used in the experiments: MK-801
Shock current was set at 0.4 mA. The amount of water con-[(1)-5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,
sumption punished by shocks during 15 min of test session10-imine hydrogen maleate, Research Biochemicals Inc., USA],
was recorded and taken as a measure of conflict behavior.CGP 37849 [DL-(E)-2-amino-4-methyl-5-phosphono-3-pen-

tenoic acid, CIBA-GEIGY, Switzerland]. For behavioral
assays control and lesioned rats were intraperitoneally injected Baseline Drinking Test
with drugs or vehicle (distilled water). Solutions of drugs were

The animals were deprived of water and treated in theprepared immediately before testing, in a volume of 0.2 ml/
same manner as those examined in the Vogel conflict test.100 g. Testing commenced 30 min (MK-801) or 60 min (CGP
The amount of water (ml) consumed spontaneously during a37849) after drug treatment.
15 min long session (without electric shock) was measured,
after administration of a dose of the drug active in the Vogel5,7-DHT Lesions
test. The time between drug injection and testing was the same

Animals were pretreated with intraperitoneal injections of as in the Vogel test.
desipramine (Sigma, USA) at the dose of 25 mg/kg, sixty min
before intracerebroventricular administration of 5,7-dihydroxy- Shock Threshold Test (Flinch-Jump Test)
tryptamine creatinine sulfate (Sigma, USA), to prevent uptake

The rats were deprived of water prior to the test as in theof 5,7-DHT into the noradrenergic terminals. The rats were
Vogel procedure. The experiment was performed in the Vogeloperated in a stereotaxic apparatus under diethyl ether anes-
test cages and shocks were delivered to the grid floor in 0.75-sthesia. Lesioned animals received unilateral intra-ventricular
pulses. After 3 min of habituation to the test box, shock titra-infusion of 5,7-DHT (250.0 mg of the free base in 10 ml 0.9%
tion was continued upward or downward in a stepwise mannerNaClsolution containing 0.2% ascorbic acid) through aHamil-
(0.05mA, 0.05–0.85 mA range) depending upon respon-ton syringe [coordinates: A-1.2 mm to bregma, V-3.5 mm,
siveness of the animal. The time between drug administrationL-1.5 mm; according to the atlas of Pellegrino et al. (28)].
and testing was the same as in the Vogel test.Control animals received an equivalent infusion of vehicle.

The neurotoxin was administered over a two min period of
Biochemical Analysistime. Seven days later, sham-operated and lesioned rats were

tested in the open field test. Twenty one days after lesions
Biochemical analysis of changes in the levels of norad-randomly divided animals were subjected to behavioral testing

renaline, dopamine, serotonin, 5-hydroxyindoloacetic acidin the Vogel’s conflict procedure. Each 5,7-DHT-lesioned rat
(5-HIAA) and homovanillic acid (HVA) was performed inreceived only one drug treatment.
separate groups of animals, with a fully automated HPLC
system (Shimadzu, Japan), using standard biochemical meth-Open Field Test
ods as described previously (33). The animals prepared and
treated as described above were not subjected to the behav-The open field apparatus used in this experiment consisted
ioral testing. Seven or 21 days after 5,7-DHT lesion, animalsof two round arenas (80 cm diameter) with 30 cm high walls,

each equipped symmetrically with three photocells. Test was were sacrificed and the brains dissected according to Glowin-



INTERACTION BETWEEN NMDA AND SEROTONIN 161

ski and Iversen, with some modifications (7), into the limbic an overall significant effect of shock on drinking in the Vogel
test, F(1, 28) 5 82.08,p , 0.001 (Fig. 1). The clear-cut tendencyforebrain and brainstem, and kept at 2808C for the time of

analysis. The brainstem consisted of the mesencephalon and to disinhibit punished drinking after serotonergic lesion,
though not always reaching statistically significant level, waspart of the pons, with the caudal borderline at the level of the

anterior edge of the fourth ventricle. In another biochemical repeatedly found in the present experiment (Figs. 1 and 2).
Thus, in some experiments serotonergic denervation causedexperiment, seven days after lesion and 30 min after intraperi-

toneal MK-801 injection rats were decapitated and the stria- a significant disinhibition of conflict behavior suppressed by
shock in the Vogel test (Fig. 1), whereas motility, exploratorytum was excised for further analysis.
activity, spontaneous drinking, and pain threshold, remained
unchanged (Tables 3 and 4). Accordingly, a highly significantHistological Analysis
and negative correlation was obtained for 5-HT and 5-HIAA

All animals, with exception of those used in biochemical levels in the limbic forebrain, and punished drinking in the
analysis, were sacrificed after the final testing day. The brains Vogel test (5-HT, n 5 32, r 5 2 0.49, p , 0.01; 5-HIAA,
were removed, stored in 5% formaldehyde solution and veri- n 5 32, r 5 2 0.5, p , 0.01). 5,7-DHT-induced serotonergic
fied histologically. The frozen tissue was dissected in the slices lesions revealed the stimulatory influence of MK-801, adminis-
and the place of injection examined with a magnifying glass. tered at the dose of 0.05 mg/kg, F(2, 21) 5 8.32, p , 0.002,
Only those animals with verified ICV injection sites were and 0.2 mg/kg, F(2, 21) 5 8.84, p , 0.0017, IP, on locomotor
included in the study. activity (Table 4). After the dose of 0.2 mg/kg, a parallel

increase in the number of central entries in the open field,
Statistical Analysis was recorded, F(2, 21) 5 8.24, p , 0.002, (Table 4). In the

Vogel test, MK-801 tested at two dose levels: 0.001 and 0.1The data are shown as mean 6 SEM. Behavioral results
m/kg, IP, did not modify the effects of a shock or serotoninwere analyzed with a one-way or two-way ANOVA, where ap-
depletion on punished drinking (Fig. 2). Moreover, a two-waypropriate, followed by Newman–Keuls test. For neurochemi-
analysis of variance indicated that no significant effect of 5,7-cal measurements statistical comparisons between individual
DHT 3 MK-801 (0.1 mg/kg) interaction was present, F(1,control and drug-treated groups were done by Student’s
25) 5 0.25, p , 0.61. In this part of the experiment MK-801t-test. In the case of an interactive biochemical experiment with
was injected at the subthreshold doses, selected on the basisMK-801 and 5,7-DHT-induced lesions, a two-way ANOVA was
of our previous experiment (30), not active when given aloneused. The quotients 5-HIAA/5-HT and HVA/DA used for
in both models of anxiety. CGP 37849 injected IP at the doseestimation of 5-HT and DA turnover, were calculated for each
of 1.0 mg/kg, significantly increased the number of centralrat, and evaluated statistically by means of Student’s t-test, by
entries in the open field; this effect was antagonized by 5,7-individual comparison of each treated group with its own
DHT-induced serotonergic lesions (Table 4). One-way analy-control group. The confidence limit of p , 0.05 was considered
sis of variance revealed a significant overall treatment effect,as statistically significant.
F(2, 21) 5 7.69, p , 0.003. Interestingly, CGP 37849 at the
highest examined dose of 10.0 mg/kg, IP, potently depressedRESULTS
motility and exploration (Table 4). These animals expressed

5,7-DHT caused long lasting, selective and a very potent also flat body posture and abduction of hind limbs. Both re-
decrease in the forebrain and brainstem concentrations of corded behavioral effects were no longer present in the seroto-
serotonin and 5-HIAA (Table 1). There was a tendency for nin depleted animals (Table 4). Also in this case one-way
these effects to be even more stronger three weeks after the analysis of variance showed significant main treatment effect
lesion (Table 1). One-way analysis of variance revealed a on motility, F(2, 21) 5 4.97, p , 0.01, and exploration, F(2,
significant overall treatment effect, 5-HT F(3, 32) 5 30.00, 21) 5 7.08, p , 0.004. In the Vogel test, from all the examined
p , 0.001; 5-HIAA F(3, 32) 5 47.32, p , 0.001. In the brain- groups, only 5,7-DHT-pretreated and CGP 37849 adminis-
stem, where both dopaminergic and serotonergic nuclei are tered (0.3 mg/kg, IP) rats showed a significant increase in
localized, a significant enhancement of turnover of dopamine punished drinking, in comparison with shocked animals
and serotonin, measured by metabolite to monoamine ratio, (Fig. 3). Two-way analysis of variance revealed that there was
was found one week after neurotoxin administration (Table a significant main effect of CGP 37849, F(1, 28) 5 10.61,
1). This effect, as far as serotonin turnover was considered, p , 0.002. However, no significant effect of CGP 37849 3
was no longer present two weeks later (Table 1). In the stria- 5,7-DHT interaction was found, F(1, 28) 5 0.087, p , 0.76.
tum, but not in the forebrain and the brainstem, there ap-
peared also a significant decrease in the concentration of nor- DISCUSSION
adrenaline, one week after the lesion (Table 2). MK-801 at

5,7-dihydroxytryptamine induced a potent and long lastingthe dose of 0.2 mg/kg, IP, neither changed the concentrations
depletion of 5-HT in the brain. However, selectivity of theof monoamines, their metabolites, nor 5,7-DHT-induced alter-
effect of this neurotoxin, in spite of a pretreatment of animalsations in the 5-HT and 5-HIAA, in the rat striatum (Table
with noradrenaline uptake blocker, was not complete. 5,7-2). Two-way analysis of variance showed that there was a
DHT caused also a significant decrease in noradrenaline con-significant main effect of 5,7-DHT on 5-HT, F(1, 22) 5 108.08,
tents in the rat striatum. Concentrations of noradrenaline re-p , 0.001, and 5-HIAA levels, F(1, 22) 5 49.94, p , 0.001.
mained unchanged in the forebrain and in the brainstem. ThisHowever, no significant effect of MK-801, [5-HT, F(1, 22) 5
finding indicates, that the data referring exclusively to changes0.47, p , 0.49; 5-HIAA, F(1, 22) 5 0.59, p , 0.44], nor MK-
in the whole brain or forebrain levels of amines after 5,7-801 3 5,7-DHT interaction, [5-HT, F(1, 22) 5 0.54, p , 0.46;
DHT are not sufficient, and the influence of the neurotoxin5-HIAA, F(1, 22) 5 2.99, p , 0.09], was found.
in subcortical structures should be considered as well. The5,7-DHT pretreatment did not change spontaneous water
differences in local sensitivity to the 5,7-DHT-neurotoxic ac-intake, F(1, 28) 5 3.55, p , 0.069, and pain threshold, F(1,

28) 5 0.23, p , 0.51 (Table 3). Analysis of variance revealed tion are possible. However, it is unlikely that the decrease
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TABLE 1
THE EFFECT OF 5,7-DHT ON THE CONCENTRATIONS OF MONOAMINES, HVA, 5-HIAA,

HVA/DA, AND 5-HIAA/5-HT RATIOS, IN THE BRAINSTEM AND LIMBIC FOREBRAIN,
7 AND 21 DAYS AFTER THE LESION

Brainstem Limbic Forebrain

Sham 5,7-DHT % Sham 5,7-DHT %

7 Days after lesion
NA 594.3 6 23.6 599.6 6 27.2 101 258.1 6 13.1 223.3 6 9.8 87
DA 164.0 6 16.1 168.8 6 15.9 103 200.5 6 48.3 201.9 6 66.7 101
HVA 43.2 6 5.5 134.9 6 9.3* 312 147.8 6 53.7 114.3 6 18.9 77
HVA/DA 0.28 6 0.04 0.82 6 0.04* 1.08 6 0.4 1.04 6 0.3
5-HT 405.3 6 63.6 62.5 6 4.1* 15 234.4 6 16.3 59.4 6 6.5* 25
5-HIAA 350.8 6 42.6 121.0 6 12.8* 34 240.4 6 17.6 41.4 6 13.1* 17
5-HIAA/5-HT 0.93 6 0.08 1.93 6 0.15* 1.03 6 0.08 0.75 6 0.23

21 Days after lesion
NA 314.2 6 30.6 322.5 6 37.2 102 239.9 6 33.7 240.8 6 68.4 100
DA 101.1 6 17.7 82.9 6 14.6 82 163.3 6 25.2 148.5 6 46.5 91
HVA ND ND ND ND
5-HT 487.3 6 79.7 55.4 6 12.9* 11 298.1 6 40.0 49.5 6 15.6* 17
5-HIAA 469.8 6 61.4 56.2 6 13.9* 12 232.3 6 26.5 31.6 6 11.1* 14
5-HIAA/5-HT 1.05 6 0.08 1.25 6 0.26 0.79 6 0.04 0.96 6 0.3

Data are expressed in ng/g of wet tissue, and shown as mean 6 SEM. The number of rats in each
experimental group was 7. ND 5 not detectable; % 5 refers to appropriate sham lesioned group; * 5 differs
from sham group.

*p , 0.01.

in noradrenaline level in the striatum after 5,7-DHT might pain threshold or spontaneous water intake. It has been hy-
pothesized, that the anxiolytic-like effect observed in the con-account for disinhibition of rat behavior in the Vogel test

(VT), as a highly significant and negative correlation was ob- flict test consequent on severe depletion of brain serotonin
by means of 5,7-DHT, is indirect and probably involves thetained for 5-HT and 5-HIAA concentrations in the limbic

forebrain and punished drinking. The significant, or close to GABAA chloride-ionophore receptor complex (32). On the
other hand, enhancement of the locomotor effect of psycho-significance level, drop of noradrenaline contents in some

brain areas after 5,7-DHT, administered in a comparable dose- stimulants in the 5,7-DHT lesioned animals, has been sug-
gested to stem from disinhibition of central catecholaminergicrange (200–250 mg), and in spite of an appropriate protection

of noradrenergic neurons, has been also observed by other neurons (6,20). Indeed, the 5-HT lesion was found to enhance
motility and locomotor stimulating effect of d-amphetamineauthors (5,31). The temporary changes in 5-HT metabolism,

observed one week after the lesion, most probably reflected (3,6,17,20). This phenomenon may be subsequent to compen-
satory overactivity of catecholaminergic neurons disinhibitedcompensatory enhancement of 5-HT turnover in the re-

maining intact 5-HT neurons, until new equilibrium of pre- by the lesion, and adaptive receptor processes occurring post-
synaptically in dopaminergic synapses. Accordingly, serotoninversus post-synaptic activity was established three weeks later.

5,7-DHT-induced lesions disinhibiting animal behavior in was found to decrease activity of tyrosine hydroxylase in the
striatum, a step-limiting factor in the formation of catechola-the Vogel test, did not change rat motility, neophobic reaction,

TABLE 2
THE EFFECT OF MK-801 (0.2 MG/KG) ADMINISTERED TO 5,7-DHT-LESIONED ANIMALS, ON THE

CONCENTRATIONS OF MONOAMINES, HVA, 5-HIAA, HVA/DA, AND 5-HIAA/5-HT RATIOS, IN THE
RAT STRIATUM, MEASURED 7 DAYS AFTER THE LESION, AND 30 MINUTES AFTER MK-801 INJECTION

Sham (1)-MK-801 % 5,7-DHT % (1)-MK-801/5,7-DHT %

NA 446.8 6 27.3 349.2 6 57.0 78 223.7 6 15.5* 50 294.3 6 15.6* 66
DA 7682.5 6 220.7 8043.0 6 342.6 105 6910.1 6 394.9 90 7454.7 6 467.2 97
HVA 821.4 6 65.1 911.0 6 47.4 110 862.2 6 31.1 105 879.2 6 29.1 107
HVA/DA 0.11 6 0.07 0.12 6 0.07 0.1 6 0.06 0.12 6 0.05
5-HT 279.0 6 26.4 193.2 6 38.5 70 29.7 6 8.0* 11 17.2 6 7.7* 6
5-HIAA 275.5 6 25.7 194.2 6 41.9 70 32.1 6 6.4* 12 30.3 6 5.7* 11
5-HIAA/5-HT 0.99 6 0.05 0.99 6 0.05 1.1 6 0.06 1.78 6 1.77

Data are expressed in ng/g of wet tissue, and shown as mean 6 SEM. The number of rats in each experimental group was
7. % 5 refers to appropriate sham lesioned group; * 5 differs from sham group.

*p , 0.01.
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TABLE 3 with MK-801. The problem of involvement of dopamine sys-
tem in the effects of the non-competitive NMDA antagonistTHE EFFECT OF 5,7-DHT ADMINISTRATION ON

SPONTANEOUS, BASELINE DRINKING, AND PAIN is still the matter of controversy. Review of available data
THRESHOLD, MEASURED 3 WEEKS AFTER THE indicates surprisingly high number of reports negating such
LESION, I.E. AT THE TIME OF THE VOGEL TEST interaction. The doses of MK-801 up to 1.0 mg/kg were found

to not affect dopamine metabolism in the rat striatum (9,10).Spontaneous Pain-flinch
Treaatment Dose drinking (ml) (mA) MK-801 suppressed also NMDA-evoked striatal dopamine

release (26). A tentative explanation of these disparate find-
Sham — 4.9 6 0.6 0.23 60.01 ings may refer to differences in the local effects of MK-801
5,7-DHT 250 mg 5.3 6 0.4 0.24 60.01 in brain structures. For example, MK-801 (0.3 mg/kg IP) was

reported to enhance dopamine metabolism in the nucleus
Data are shown as mean 6 SEM. The number of rats accumbens, medulla oblongata, hypothalamus, but not in the

in each experimental group was 8. frontal cortex, amygdala, thalamus, hippocampus and pons
(19). Importantly, the mucleus accumbens is suggested to play
a substantial role in the control of motor activity, and media-mines (12). It is conceivable, that reduction of serotonin activ-
tion of locomotion stimulating effects of psychostimulants (4).ity by neurotoxin leads to the opposite effect, i.e. to the stimu-

The blockade of NMDA receptors by MK-801, and deple-lation of dopamine synthesis.
tion of 5-HT, does not seem to interact in changing rat behav-Some above considerations may be directly referred to the
ior in the VT, as no modification of punished drinking occurredpresent data. The motor effect of MK-801, non-competitive
after administration of a subthreshold dose of this drug (0.001NMDA receptor antagonist, was potentiated in 5-HT depleted
mg/kg), to neurotoxin pretreated animals. Previously, it wasanimals. This drug and phencyclidine have a psychostimulant-
found that MK-801 injected in doses as small as 0.005 mg/kglike profile of action, probably following indirect enhancement
and 0.01 mg/kg, significantly and selectively counteracted theof dopaminergic neurons, via blockade of an inhibitory
influence of a shock on drinking (30). This effect was noNMDA tone. Indeed, some data indicate augmentation by
longer present after the dose of 0.05 mg/kg, when locomotorMK-801 of dopamine metabolism in several brain structures,
stimulating properties of the drug evolved. It is possible, thatincluding the nucleus accumbens septi (NAS) and striatum
the weak influence of MK-801 in the VT could be hindered(19,35). This mechanism, along with 5,7-DHT-induced disinhi-
by the stronger behavioral disinhibition induced by the 5,7-bition of dopaminergic neurons (see above), might account
DHT lesion alone. However, the lack of alteration in 5-HTfor stronger stimulation of motility in the group of MK-801
metabolism after MK-801, observed in this and previouslyadministered and neurotoxin pretreated rats. Accordingly, as
published reports, indicates that 5-HT may not be involved inthe brainstem HVA and dopamine turnover were significantly
the anti-conflict effect of non-competitive NMDA antagonistsincreased by serotonergic lesions at the time of behavioral
(9,10). There are also many other conflicting data concerningtesting, such conclusion is proved by the present data. How-
the influence of MK-801 on brain serotonergic system. MK-ever, the effect of 5,7-DHT on dopamine metabolism was
801 was found to block NMDA-induced monoamine releaseobserved in the brainstem area only, it dissipated in time, and
in the rat striatum (26). The drug at a dose of 0.3 mg/kg,did not occur in the striatum. MK-801 did not also significantly
did not affect 5-HT turnover in the hippocampus, amygdala,change dopamine and 5-HT metabolism in the same brain
hypothalamus and pons/medulla (19). Moreover, MK-801area. It is possible, that alterations in dopamine turnover in
given to the median raphe nucleus caused an apparent reduc-other brain structures (e.g. the nucleus accumbens), might
tion of the median raphe neurons activity, assessed in thebetter correlate with the behavioral outcome of the treatment
electrophysiological experiment (15). Thus, the involvement
of 5-HT system in the effects of NMDA antagonist on fear
controlled behavior appears, in contrast to regulation of motor
activity, complex and indirect. Finally, it can be concluded
that the anti-anxiety-like effect of 5-HT depletion depends
more on changes in the activity of GABAA receptor complex
(32), than modification of NMDA receptor function.

Serotonergic lesions affected heterogeneously the effects of
competitive NMDA antagonist CGP 37849, in both examined
behavioral tests. It is noteworthy, that the doses of NMDA
antagonist used in this part of the study, were selected on
the basis of our previous experiment (30). On the one hand,
serotonin depletion seemed to slightly potentiate the anticon-
flict action of a dose of 0.3 mg/kg of CGP 37849, in the VT.
On the other hand, the lesion attenuated exploratory activity,
stimulated by the dose of 1.0 mg/kg, and reversed locomotor
suppression, caused by the dose of 10.0 mg/kg of CGP 376849.
CGP 37849 was previously found to selectively disinhibit rat
behavior in the VT in a dose-dependent way, with the dose
of 0.3 mg/kg being marginally effective (30). Importantly, aug-FIG. 1. The effect of 5,7-DHT-induced depletion of serotonin, on mentation of punished drinking was not accompanied by alter-rat behavior in the Vogel test, studied 21 days after the lesion. Data
ations in motor activity, pain threshold or spontaneous waterare shown as mean 6 SEM. Ordinate 5 the amount of water drunk
intake. It was suggested, that the anxiety-reducing effect is ain ml. The number of rats in each experimental group was 8. * 5
more general feature of all classes of negative modulators ofdiffers from control, non-shocked rats; o 5 differs from shocked rats.

o 5 p , 0.05; ** 5 p , 0.01. NMDA receptor complex. It seems that the hyperpolarizing
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TABLE 4
THE EFFECT OF MK-801 AND CGP 37849 ON RAT BEHAVIOUR
IN THE OPEN FIELD TEST, IN THE 5,7-DHT LESIONED RATS

Locomotor Number of
Treatment Dose activity central entries

Sham — 60.5 6 11.9 3.1 6 0.8
5,7-DHT 250 mg 67.1 6 12.9 5.4 6 1.2

Sham — 97.8 6 6.4 7.6 6 1.1
(1)-MK-801 0.05 mg/kg 70.5 6 8.1 5.1 6 0.9
(1)-MK-801/5,7-DHT 135.3 6 16.7*‡ 8.0 6 2.9

Sham — 68.6 6 5.9 2.9 6 0.5
(1)-MK-801 0.2 mg/kg 130.1 6 12.1 2.4 6 0.9
(1)-MK-801/5,7-DHT 215.9 6 41.2**† 9.4 6 2.2**‡

Sham — 64.9 6 7.9 4.3 6 0.9
CGP 37849 1 mg/kg 76.8 6 8.4 8.6 6 1.1**
CGP 37849/5,7-DHT 56.0 6 4.4 3.5 6 1.0‡

Sham — 77.4 6 11.1 4.3 6 0.9
CGP 37849 10 mg/kg 26.6 6 5.4* 1.0 6 0.3**
CGP 37849/5,7-DHT 66.5 6 16.4† 4.1 6 0.7‡

Data are shown as mean 6 SEM. The number of rats in each experimental
group was 8. * 5 differs from sham, control group; † 5 differs from drug
treated animals; *† 5 p , 0.05; **‡ 5 p , 0.01.

effect of NMDA antagonists on neuronal membranes in the changes in the Vogel and the open field tests, after 5,7-DHT
lesions. The sensitivity of both anxiety-modelling reactions tobrain limbic structures (e.g., hippocampus), and evolving

blockade of neuronal transmission, may be the common and benzodiazepines, serotonergic drugs and NMDA antagonists
is also dissimilar (30,33). Thus, having in mind complex coop-the core mechanism of action of also other groups of anxiolytic

compounds [e.g., benzodiazepines,barbiturates, 5-HT1A recep- eration between brain5-HT and NMDA systems in controlling
neuronal processes (see above), the present results may betor agonists (29)].

Several studies have shown modulatory action of serotonin considered as preliminary, indicating distinct roles of NMDA
versus 5-HT interaction, in regulating differently evoked fear-on the responses to excitatory amino acids, in the brain. Both

suppressive and enhancing effects on the excitation of neurons related responses.
The highest administered dose of CGP 37849 (10.0 mg/kg)have been reported (cf. 24). More interestingly, two weeks

after 5,7-DHT lesion 3H-glutamate binding was increased in caused potent motor suppression. The rats exhibited also flat
body posture and hind limb abduction. These effects of CGPall the hippocampal layers (23), what made the authors to

conclude that 5-HT is a direct positive modulator of glutamate 37849 were no longer present in 5,7-DHT pretreated animals.
In some respects CGP 37849-induced symptoms resembledreceptor subtype. If it is the case, serotonergic lesion-induced

hypofunction of hippocampal presynaptic NMDA innerva- the 5-HT behavioral syndrome. Moreover, they were quantita-
tively similar to the behavioral action of the highly selectivetion, might add to the NMDA receptor blockade caused by

CGP 37849. Such mechanism should result in a stronger inhibi- serotonin releasing agent 5-methoxy-6-methyl-2-aminoindan
(22). Accordingly, in biochemical experiments the higher dosetion of neural transmission in the brain structure considered

valid for execution of fear-related central processes. This, in of 30.0 mg/kg of CGP 37849 was found to strongly enhance
serotonin release and metabolism, in most of the brain regionsturn, could lead to augmentation of the effect of CGP 37849

in the serotonin depleted animals. However, this explanation studied, including the nucleus accumbens and striatum (19).
Thus, it is possible that former depletion of brain 5-HT reducesremains speculative and hypothetical as the influence of 5-HT

depletion on the effects of CGP 37849 in the Vogel test ap- behavioral symptoms produced by higher doses of CGP 37849,
most probably related to the release of 5-HT. This could bepeared only marginally statistically significant.

Changes in the open field effects of CGP 37849, in the the mechanism of a disinhibitory effect of 5,7-DHT lesion on
CGP 37849-induced locomotor suppression.serotonin depleted animals, are not easy to interpret. In agree-

ment with our previous report (30), the dose of 1.0 mg/kg of Finally, the different behavioral profiles of MK-801 vs.
CGP 37849 in serotonin depleted animals should be once moreCGP 38849 significantly enhanced rat exploration, an effect

regarded as reflecting the anti-neophobic-like reaction of the underlined. This may be consequent on the less selective,
predominantly motility stimulating, and dopamine orientedrats. This phenomenon was selectively suppressed by seroton-

ergic lesions, independently from alterations in rat motor ac- profile of action of non-competitive NMDA receptor antago-
nist. Non-competitive but not competitive NMDA antagoniststivity. Conceivably, neophobic and conflict behaviors undergo

different neural processes. It is pointed out, for example, by potently stimulate, at the dose range used in the present exper-
iment, activity of central dopaminergic neurons, enhance glu-the present results showing distinct profiles of behavioral
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FIG. 3. The effect of CGP 37849 in the Vogel test, after 5,7-DHT
pretreatment. * 5 p , 0.05. For other explanations see Fig. 1.

psychotomimetic effects of another NMDA receptor channel
blocker, phencyclidine, was suggested (27). All in all, these
data along with the present results indicate differences, due
to either direct or indirect mechanisms, in the central processes
called into play by competitive and non-competitive NMDA
receptor antagonists.

In conclusion, the present data prove complex interaction
between brain 5-HT and NMDA systems. Serotonergic dener-
vation enhanced motor effects of MK-801, and reversed loco-
motor suppression caused by the higher dose of CGP 37849.
These findings indicate that brain 5-HT significantly contrib-
utes to the central effects of non-competitive and competitive
NMDA receptor antagonists. Such corollary, though prelimi-
nary, may be also important for understanding clinical profiles
of NMDA antagonists, studied as the possible way of treat-

FIG. 2. The effect of MK-801 in the Vogel test, after 5,7-DHT pre- ment of epilepsy and neurodegenerative diseases. Undoubt-
treatment. * 5 differs from drug treated animals. * 5 p , 0.05, ** 5 edly, the question of 5-HT versus NMDA interaction deserves
p , 0.01. For other explanations see Fig. 1. further studies.
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166 PŁAŹNIK ET AL.

onists, MK-801 and phencyclidine. Eur. J. Pharmacol. 166:359– serotonin in the rat hippocampus: an autoradiographic study. Life
Sci. 49, 283–292; 1991.366; 1989.

10. Hiramatsu, M.; Yokoyama, S.; Nabeshima, T.; Kameyama, T.: 24. Mjellem, N.; Lund, A.; Hole, K.: Different functions of spinal
5-HT1A and 5-HT2 receptor subtypes in modulating behaviourChanges in concentrations of dopamine, serotonin and their me-

tabolites induced by carbon monoxide (CO) in the rat striatum induced by excitatory amino acid receptor agonists in mice. Brain
Res. 626:78–82; 1993.as determined by in vivo microdialysis. Pharmacol. Biochem. Be-

hav. 48: 9–15; 1994. 25. Nedergaard, S.; Engberg, I.; Flatman, J. A.: Serotonin facilitates
NMDA responses of cat neocortical neurons. Acta Physiol. Scand.11. Iversen, S. D.: Interactions between excitatory amino acids and

dopamine systems in the forebrain: implications for schizophrenia 128:323–325; 1986.
26. Ohta, K.; Araki, N.; Shibata, M.; Komatsumoto, S.; Shimazu, K.;and Parkinson’s disease. Behavioural Pharmacology 6:478–491;

1995. Fukuuchi, Y.: Presynaptic ionotropic glutamate receptors modu-
late in vivo release and metabolism of striatal dopamine, noradren-12. Johnson, E. A.; Trai,K. E.; Shahan, Y. H.; Azzaro, A. J.: Serotonin

5-HT1A receptors mediate inhibition of tyrosine hydroxylation in aline, and 5-hydroxytryptamine: involvement of both NMDA and
AMPA/kainate subtypes. Neurosci. Res. 21:83–89; 1994.rat striatum. J. Pharmacol. Exp. Therap. 266:133–141; 1993.

13. Kalen, P.; Karlson, M.; Wiklund, L.: Possible excitatory amino 27. Okuyama, S.; Imagawa, Y.; Sakagawa, T.; Nakazato, A.; Yamagi-
chi, K.; Katoh, M.; Yamada, S.; Araki, H.; Otomo, S.: NE-100,acids afferents to nucleus raphe dorsalis of the rat investigated

with retrograde wheat germ agglutinin and D-[3H]aspartate trac- a novel sigma receptor ligand: effect on phencyclidine-induced
behaviors in rats, dogs and monkeys. Life Sci. 55:PL133–138; 1994.ing. Brain Res. 360:285–297; 1985.

14. Kinney, G. G.; Vertes, R. P.; Kocsis, B.; Fortin, W. J.: Changes 28. Pellegrino, L. J.; Pellegrino, A. S.; Cushman, A.J.: A Stereotaxic
Atlas of the Rat Brain. New York: Plenum Press, 1967.in hippocampal EEG resulting from injections of 5-HT1A agonists

into the median raphe nucleus. Soc. Neurosci. Abstr. 19:43; 1993. 29. Plaznik, A.; Kostowski, W; Stefanski, R.: Limbic mechanisms of
anxiolytics acting on 5-HT receptors. Pol. J. Pharmacol. 46:473–15. Kinney, G. G.; Kocsis, B.; Vertes, R. P.: Injections of excitatory

amino acid antagonists into the median raphe nucleus produced 477; 1994.
30. Plaznik, A.; Palejko, W.; Nazar, M.; Jessa, M.: Effects of antago-hippocampal theta rhythm in the urethane-anesthetized rats.

Brain Res. 654:96–104; 1994. nists at the NMDA receptor complex in two models of anxiety.
Eur. J. Neuropsychopharmacol. 4:503–512; 1994.16. Leung, L. W. S.; Desborough, K. A.: APV, and N-methyl-d-

aspartate receptor agonist, blocks the hippocampal theta rhythm 31. Reader, T. A.; Gauthier, P.: Catecholamines and serotonin in the
rat central nervous system after 6-OHDA, 5,7-DHT and p-CPA.in behaving rats. Brain Res. 463:148–152; 1988.

17. Lipska, B. K.; Jaskiw, G. E.; Arya, A.; Weinberger, D. R.: Seroto- J. Neural Transm. 59:207–227; 1984.
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