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In the present study, the interaction between a noncompetitive [(+)-MK-801]
and a competitive (CGP 40116) NMDA receptor antagonists was tested in
two different behavioral paradigms: locomotor activity test and prepulse in-
hibition of the acoustic startle reflex. Additionally, their effects on working
memory and selective attention were evaluated in the delayed alternation
task. All above paradigms served to model the symptoms of schizophrenia.

It was found that locomotor stimulatory effect of (+)-MK-801 (0.4 mg/kg)
was antagonized by prior administration of CGP 40116 (5 mg/kg). Lower
doses of CGP 40116 (1.25 and 2.5 mg/kg) were ineffective. CGP 40116
given alone did not influence locomotor activity in rats. It was also shown
that CGP 40116 antagonized the disruption of the process of sensorimotor
gating evoked by (+)-MK-801. On the contrary, both CGP 40116 and
(+)-MK-801 increased a number of errors in the delayed alternation test re-
vealing detrimental effect of CGP 40116 on spatial working memory and se-
lective attention even at a lower dose than that required to antagonize the ef-
fects of (+)-MK-801. The presented results indicate that noncompetitive and
competitive NMDA receptor antagonists, when used at relatively low doses,
may produce qualitatively different behavioral effects, as evidenced by the
experiments with locomotor activity and prepulse inhibition. Moreover, the
competitive NMDA receptor antagonists may even inhibit some psychoto-
mimetic effects related to the noncompetitive blockade of this receptor.
However, therapeutic potential of CGP 40116, a competitive NMDA recep-
tor antagonist, should be considered with caution since in the range of doses
effective against the psychotomimetic effects of (+)-MK-801, it impairs rats’
performance in the delayed alternation paradigm, i.e. it worsens efficacy of
working memory.

Key words: CGP 40116, delayed alternation, locomotor activity,
(+)-MK-801, prepulse inhibition, working memory, experimental models of
schizophrenia
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INTRODUCTION

The NMDA receptors belong to the subclass of

ionotropic glutamatergic receptors [8]. They are

distributed in both the central and peripheral nervous

systems [8] and play a crucial role in many physio-

logical and pathological processes [8]. NMDA re-

ceptors are coupled to the ion channel permeable to

Ca�$, Na$ and K$ but impermeable to the Mg�$

ions. The NMDA receptor function is regulated by

several modulatory sites [8]. For instance, inhibi-

tion of the NMDA receptor may be achieved by the

use-dependent blockade with ion channel blockers

(noncompetitive antagonists of the NMDA recep-

tor). Use-dependency means that the channel can

be blocked (by Mg�$ or noncompetitive ligand) only

in the circumstances when the receptor is activated

by endogenous or exogenous ligand. Noncompeti-

tive NMDA receptor antagonists, like phencyclidine

(PCP), ketamine and (+)-MK-801, produce strong

psychostimulatory and psychotomimetic effects in

several behavioral models [21]. They evoke locomo-

tor hyperactivity, stereotypy and sniffing behavior

[21], cause a disruption of sensorimotor gating,

measured as a deficit in prepulse inhibtion (PPI) of

the acoustic startle response [26, 27, 35, 36] and

impair working memory observed in the delayed

alternation task [29, 31, 36], thus, they produce the

effects which are regarded as a model of certain

symptoms of schizophrenia [9].
Interestingly, the drugs which effectively block

the psychostimulant and psychotomimetic effects

of noncompetitive NMDA receptor antagonists,

acting as channel blockers, include antagonists of

other modulatory sites of the NMDA receptors, for

example antagonists of the glycine, strychnine-in-

sensitive modulatory site (Gly� site) [3, 19, 20].

Specifically, it has been shown [3, 19, 20] that the

blockade of the Gly� site of NMDA receptor by

several full antagonists of this site inhibited the

above-mentioned effects, which might be indica-

tive of the psychotomimetic activity of the non-

competitive antagonists of this receptor. Their ef-

fectiveness against the behavioral effects of non-

competitive NMDA antagonists, suggests not only

that they might have antipsychotic properties but

also show that the blockade of the Gly� site may

inhibit the side effects of noncompetitive NMDA

receptor antagonists. Thus, it was of interest to in-

vestigate whether these effects are typical of only

the Gly� site blockade or whether the blockade of
the other sites, in particular for competitive ligands
may induce similar beneficial effects. The use-de-
pendent manner of action of noncompetitive NMDA
receptor antagonists suggests that their effects would
be inhibited when the main modulatory site of this
receptor is blocked by competitive antagonist. There
are several data showing the interaction between
competitive and noncompetitive NMDA receptor
antagonists at the electrophysiological, biochemical
and even behavioral level [7, 13]. Thus, the current
study investigated whether psychotomimetic effects
of noncompetitive NMDA receptor antagonist may
be blocked by CGP 40116, the highly selective
competitive NMDA receptor antagonist [10].

In order to investigate a possible interaction be-
tween drugs operating via NMDA receptor ion chan-
nel and receptor recognition site, we used MK-801-
induced locomotor activation and MK-801-evoked
disruption of PPI as models, with the latter having
face and predictive validity for antipsychotic prop-
erties [9]. Additionally, we also tested whether
CGP 40116, given at the doses effective against
psychotomimetic effects of MK-801, would influ-
ence the efficacy of working memory.

MATERIALS and METHODS

Animals

Male Wistar rats, weighing 200–300 g (Breeder:
Institute of Pharmacology, Kraków) at the begin-
ning of experiments were housed in plastic cages
(58 × 37 × 19 cm) in groups of 4–6 rats per cage,
under a 12-h light-dark cycle (light on between
7.00–19.00), and at a controlled temperature (21°C).
After delivery, the rats were habituated to the ex-
perimental room for at least 1 week. Except experi-
ments with the delayed alternation, rats were kept
with water and food available ad libitum. In the de-
layed alternation experiments, water was available
ad libitum but food was restricted to 15 g per day
allowing to keep animals’ body weight gain at the
level of 4–5 g per week. In these experiments, rats
received food once daily, directly after training or
testing. Experiments were performed between 9.00
a.m. and 6.00 p.m. The experimental protocols
were approved by the Committee for Laboratory
Animal Welfare and Ethics of the Institute of Phar-
macology, Polish Academy of Sciences in Kraków
and met the criteria of the International Council for
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Laboratory Animals, Guide for the Care and Use of
Laboratory Animals.

Locomotor activity test

Locomotor activity was measured in 8 Optova-
rimex cages (Columbus Instruments, Ohio, USA)
(45 × 45 × 35 cm) as it was described previously
[34]. Two sets of 48 IR (infrared) photo beam emit-
ters and receivers, placed 3 cm above the floor and
located on the reciprocal walls, measured horizon-
tal activity. The output from each individual cage
was integrated and analyzed on-line by a PC with
the use of Auto-Track software (Columbus). The
minimal number of photo beam interruptions re-
corded as a forward movement, was set to 3. This
setting allows to separate the forward locomotion
from waving or sniffing (regarded as elements of
(+)-MK-801-induced stereotyped behavior). For
further analysis, the traveled distance was used as a
measure of locomotion. The rats were placed indi-
vidually in the testing cages and locomotor activity
was recorded for 180 min in 10-min intervals. After
30 min of adaptation period, the rats were briefly
taken out of their cages and injected with CGP
40116 (1.25, 2.5 or 5 mg/kg, ip) and 30 min later
with (+)-MK-801 (0.4 mg/kg, sc). Eight rats (two
rats from each experimental group) were always
tested simultaneously.

Prepulse inhibition of the acoustic startle response

The apparatus (Columbus Instruments, Ohio,
USA) consisted of three transparent plastic cages,
placed in a sound-proof cabinet and equipped with
a movable platform floor attached to a sensor re-
cording vertical movements of the platform. Startle
reaction was evoked by acoustic stimuli delivered
by a loudspeaker suspended above the cage and
connected to an acoustic generator. The transient
force resulting from the movements of the platform
evoked by the startle reaction was recorded with
a PC during a recording window of 200 ms meas-
ured from the onset of the acoustic stimulus, digi-
talized and stored in the computer for further
evaluation. The amplitude of the startle response
was measured during the whole recording window
(200 ms) and an average value of amplitude was
taken for further evaluation. The rats were injected
with vehicle or drug, and after an appropriate time,
they were placed in the testing cages. After 5 min
of habituation (background white noise, 65 dB),
two types of acoustic stimuli were used: acoustic

stimulus alone (120 dB, 40 ms, 4000 Hz) or the
stimulus proceeded by a prepulse (75 dB, 20 ms,
4000 Hz) applied 100 ms before the stimulus. Dur-
ing each experimental session 20 trials of each type
were presented with interstimulus interval of 20 s.
The amplitudes were averaged for each individual
animal, separately for both types of trials (stimulus
alone or stimulus preceded by the prepulse). The
degree of PPI was shown as a percentage score
(%PPI) calculated as {[(P)-(PP + P)/P] × 100} a dif-
ference between the amplitude of the pulse-alone
(P) and the amplitude of the prepulse + pulse trials
(PP + P), divided by the amplitude of the pulse-
alone trials and multiplied by 100 [35]. A high
value of the calculated %PPI indicated that the pre-
pulse inhibited the response to a pulse stimulus,
whereas a low value indicated weaker inhibition by
prepulse. For further details see [36].

Delayed alternation task. Apparatus

The T-maze consisted of 2 arms and central al-
ley with walls. Each part of the maze (68 cm long,
35 cm high, 17 cm wide) was made of wood cov-
ered with dark brown painted plastic. A small cup
with opaque walls was placed at the end of each
arm. Noyes precision food pellets (45 mg) were
used as reinforcement. The experiments were per-
formed in a lit room with several external cues in
a fixed configuration.

Training and testing procedure

In the first week, animals were handled and al-
lowed to adapt to the apparatus. In the second
week, the rats were placed for 5 min in groups of 5
in the maze and food pellets were scattered ran-
domly throughout the both arms (7–8 pellets per
rat). On the next 6 days, the food cups were placed
at the end of each arm and both arms were baited
with one food pellet. Rats were placed individually
at the end of the central alley and remained inside
the maze until they entered one of the arms and had
eaten food pellet but not for longer period than
2 min. Rats were given 11 trials daily. In the next
week, alternation training began. During the first
11 trials, food pellets were presented in both arms.
During the next 10 trials, the arm opposite to the
one the animal had entered in the previous trial was
baited, except when the animal had gone to the
empty arm on the last trial. In that case, the food
pellet was left in place. The baited side was
changed only after the animal had alternated. Once
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the animal entered baited arm and picked-up the
food pellet, it was removed and returned to the
holding cage for a 10 sec interval. The training con-
tinued until a criterion of 80% of correct choices
(of 10 trials) on two consecutive days was achieved.
It took 10–14 days to reach the criterion. Animals
that did not reach the criterion within 20 days of
training (approximately 5% of animals) were re-
jected from the experiment. The test sessions were
performed once a week and were separated by at
least 4 training days. Tests were performed accord-
ing to the above schedule, except that the drug was
administered before session. Each rat’s entry into
the non-baited arm was scored as an error (incorrect
choice). The parameters measured were: the number
of errors (incorrect choices) and average time of
each trial. The results (number of errors made during
10 trials) were presented as means ± SEM.

Data analysis and statistics

The data were analyzed by one-way or two-way
analysis of variance (ANOVA), depending on the
experimental schedule, followed, if significant, by
the Newman-Keuls test for individual post-hoc
pairwise comparisons (Statistica 5.1 Software, Stat-
Soft, Inc.). The number of rats in each group was
5–24 depending on the experimental schedule. In
all calculations, a difference at p < 0.05 was regar-
ded as significant. For further details see [36].

Drugs

(+)-MK-801 (maleate, RBI) and CGP 40116
(Ciba-Geigy) were used. CGP 40116 (1.25, 2.5 and
5 mg/kg, ip) was given either 30 (locomotor activ-
ity) or 60 min (PPI and delayed alternation) before
the test. MK-801 (0.05, 0.1, 0.2 and 0.4 mg/kg) was
given either immediately (locomotor activity) or
30 min before (PPI and delayed alternation) the
test. Both drugs were dissolved in the physiological
saline and were administered in a volume of 2 ml/kg.

RESULTS

Locomotor activity

The results are shown in Figure 1. General sta-
tistical analysis was performed on the total values
from the whole recording period. As evidenced by
two-way ANOVA with treatment and time as fac-
tors, we observed significant main effect of MK-801

on the locomotor activity of rats (F(3,180) = 14.82,
p < 0.0001) and no main effect of CGP 40116
(F(15,180) = 0.27, p > 0.99). The significant MK-801
× CGP 40116 treatment interaction has been ob-
served at the dose of 5 mg/kg of CGP 40116 only.
As shown by post-hoc comparisons with the New-
man-Keuls test, MK-801 evoked strong locomotor
hyperactivity and CGP 40116 (5 mg/kg) signifi-
cantly (p < 0.05) blocked that stimulatory effect of
MK-801 (Fig. 1A). Further analysis revealed that
the most pronounced effect was observed in the pe-
riod from 70–110 min after MK-801 administration
(Fig. 1B).
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Prepulse inhibition of the acoustic startle

response

As shown by two-way ANOVA, there were sig-
nificant main effects of both CGP 40116 (2.5 mg/kg)
[F(1,92) = 5.52, p < 0.02] and MK-801 [F(1,92) =
8.71, p < 0.004] treatment on the startle reflex am-
plitude. There was no significant CGP 40116 ×
MK-801 interaction seen [F(1,92) = 0.92, p > 0.33].
As shown by post-hoc comparisons with the New-
man-Keuls test, the amplitude of the acoustic star-
tle response was significantly decreased by CGP

40116 given at the dose of 5 mg/kg, while MK-801
(0.4 mg/kg) was without effect (Fig. 2A). As for the
%PPI, there was no significant main effect of CGP
40116 treatment [F(1,92) = 0.17, p > 0.67], signifi-
cant main effect of MK-801 treatment [F(1,92)
= 5.96, p < 0.016] and significant interaction of
CGP 40116 × MK-801 treatment [F(1,92) = 9.55,
p < 0.002] (Fig. 2B). The effect of MK-801 was
significantly reduced by CGP 40116. As revealed
by post-hoc comparison with Newman-Keuls test,
CGP 40116 + MK-801-treated rats showed higher
% of PPI than vehicle + MK-801-treated rats.
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Delayed alternation in the T-maze

As shown in the Figure 3, in control animals the
number of errors was at the level of ± 1 error per
test. MK-801 increased the number of errors in
a dose-dependent manner [one-way ANOVA, F(4,25)
= 7.56, p < 0.001]. The post-hoc comparisons with
the Newman-Keuls test revealed that MK-801 (0.2
and 0.4 mg/kg) significantly (p < 0.01) increased
the number of errors (Fig. 3A). Similarly, CGP
40116 increased dose-dependently the number of
errors [one-way ANOVA, F(3,19) = 5.25, p < 0.05]
with the lowest dose of 2.5 mg/kg being active
(Fig. 3B). There was no significant interaction of
CGP 40116 × MK-801 treatment (data not shown).

DISCUSSION

In the present study, MK-801 increased the
spontaneous locomotor activity in rats, blocked the
PPI of the acoustic startle response with no signifi-
cant effect on amplitude of startle reflex, and in-
creased number of errors in the delayed alternation
task. These results are consistent with the known
psychotomimetic properties of noncompetitive
NMDA receptor antagonists [18, 24]. On the con-
trary, CGP 40116 did not influence locomotor ac-
tivity and had no effect on PPI of the acoustic star-
tle response, however, similarly like MK-801, it did
increase the number of errors in the delayed alter-
nation test. These results confirm that both types of
the NMDA receptor antagonists differ in their po-
tency to produce behavioral disturbances [4, 23],
apart from similar impact on the working memory
measured in the delayed alteration task. Interest-
ingly, our study also showed that competitive
blockade of the NMDA receptor by CGP 40116
might attenuate or inhibit the psychotomimetic ef-
fects of MK-801. After joint administration of both
drugs, CGP 40116 inhibited stimulatory influence
of MK-801 on locomotor activity and decreased
MK-801-induced deficit in the PPI of the acoustic
startle response.

Functional differences in the effects of both
noncompetitive and competitive NMDA receptor
antagonists have been demonstrated by electro-
physiological, biochemical and behavioral studies.
Electrophysiological studies have shown that non-
competitive NMDA receptor antagonists increase
the firing rate of dopamine neurons in the ventral
tegmental area [12–14] with a subsequent enhance-

ment of the bursting activity of dopamine neurons
[38], while competitive NMDA receptor antago-
nists, such as CGS 19755 or NPC 12626 are inef-
fective in this experimental paradigm [13]. Similar
differences have been evidenced by biochemical
studies showing that noncompetitive but not the
competitive NMDA antagonists enhance dopamine
outflow in the rat prefrontal cortex areas [35]. Sys-
temic administration of MK-801 or CGP 37849
produced a differential effect on dopamine outflow
measured in the rat PFC. MK-801 increased the do-
pamine outflow measured in the rat PFC, whereas
CGP 37849 had no significant effect [35]. Behavio-
ral studies have shown a pronounced effect of non-
competitive NMDA antagonists on such parame-
ters as locomotor activity or stereotypy that are
considered as measures of psychotomimetic prop-
erties, while competitive anatgonists had no effect
[4, 34, 35]. The differences between both classes of
the NMDA receptor antagonists have also been
shown in the prepulse inhibition paradigm [25, 35],
and for further discussion see [15], as well as in
drug discrimination studies [37].

The observed effects of both drugs on locomo-
tor activity are consistent with other studies show-
ing that both classes of the NMDA receptor antago-
nists differ in their neurochemical and behavioral
effects related to subcortical structures [6]. The in-
hibitory influence of CGP 40116 on MK-801-indu-
ced locomotor hyperactivity is consistent with the
mode of action of both drugs at the NMDA recep-
tor. Noncompetitive NMDA receptor antagonists
(calcium channel blockers) block the NMDA re-
ceptor in a use-dependent manner. It means that
NMDA receptor channel may only be blocked
when the receptor is stimulated by, for example, an
endogenous ligand, like glutamate. When a com-
petitive antagonist is used, the receptor is blocked
and channel blockade is not possible. Apart from
the above explanation, it is also conceivable or can-
not be ruled out that both drugs interact at the level
of different receptors or different brain regions
[22].

The pattern of changes in experiments with the
PPI of the acoustic startle response was similar. PPI
of the acoustic startle response is regarded as
a model for testing psychotomimetic properties
with a good face validity, as psychotic agents in-
duce similar effects to those observed in schizo-
phrenic patients (a deficit in PPI resulting from the
disturbance of sensorimotor gating) [30]. The pres-
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ent results are consistent with earlier studies per-

formed with other noncompetitive and competitive

NMDA antagonists [15, 25, 35]. The effects ob-

served in our study confirm important role of the

glutamatergic neurotransmission in this model. Al-

though neuroanatomical substrates of PPI are not

exactly known, the involvement of the dopaminer-

gic, serotonergic and noradrenergic systems in me-

diating this effect has been proven [25, 34]. How-

ever, it has been shown that both MK-801- and

PCP-induced deficits in PPI are resistant to both

typical (haloperidol) and atypical (clozapine) neu-

roleptics [16] and to specific antagonists of dopa-

mine D1 and D2 receptors [35]. These data indicate

that the effects of noncompetitive NMDA receptor

antagonists are probably dopamine-independent

and, as it has been mentioned earlier, involve sero-

tonergic and adrenergic neurons [2, 36].
In our study, CGP 40116 reversed the MK-

801-induced deficit in the prepulse inhibition. This

result extends our previous data showing that dele-

terious effect of MK-801 on rat behavior may be at-

tenuated by CGP 40116 which suggests again some

beneficial potential of competitive NMDA receptor

antagonists to alleviate MK-801-evoked experi-

mental symptoms of schizophrenia [7]. The results

obtained in the present study in locomotor activity

and PPI paradigms as well as earlier data may sug-

gest that CGP 40116 is devoid of psychotomime-

tic-like activity. However, in the delayed alternation

test, we observed similar potency of both NMDA

receptor antagonists in producing psychotomime-

tic-like effects.
In the delayed alternation test, both drugs in-

duced similar pattern of changes, i.e. dose-dependent

increase in the number of errors. Moreover, CGP

40116 had no influence on the effect of MK-801 in

the above paradigm (data not shown). The delayed

alternation task is a model with anatomical spe-

cification for prefrontal cortex [1]. It seems to have

good construct validity as it is related to the brain

structure whose functional, neurochemical and ana-

tomical characteristics are strongly affected in

schizophrenia [32]. It has been previously shown

that noncompetitive NMDA receptor antagonists

are able to produce in this model psychotomimetic

effect related to disturbances of working memory

[29, 31, 36]. Similar effect of antagonists of both

types is puzzling since noncompetitive (MK-801)

but not competitive (CGP 37849) NMDA receptor

antagonists differentially influence the dopamine

outflow in PFC – a major neurotransmitter engaged
in regulation of efficacy of working memory [1,
35]. Possible involvement of other neurotransmit-
ters for example serotonin or noradrenaline, is con-
ceivable [11, 28, 36]. On the other hand, both classes
of the NMDA receptor antagonists have qualita-
tively similar influence on expression of cFos pro-
teins in the PFC [33], which is a functional marker
of neuronal activation. These effects are consistent
with our results in the delayed alternation paradigm
[33].

Summing up, the presented results show that
noncompetitive and competitive NMDA receptor
antagonists may produce qualitatively different be-
havioral effects, as evidenced by the experiments
with locomotor activity and PPI. On the basis of
these results, one could suggest that competitive
NMDA antagonists are devoid of strong psychoto-
mimetic properties. Moreover, the competitive NMDA
antagonist may even inhibit some psychotomimetic
effects evoked by noncompetitive blockade of this
receptor. However, the question arises whether the
above-mentioned models are sufficient to conclude
that competitive antagonists might have beneficial
effects on the symptoms of schizophrenia. As
shown in the third model used, also competitive
NMDA antagonists show distinct psychotomimetic
activity, seen in the delayed alteration test which
reflects the efficacy of working memory. There-
fore, it seems that therapeutic use of the competi-
tive NMDA antagonists is rather questionable. It
still remains possible that blockade of the NMDA
receptor by other means, for example, by the Gly�
site antagonists, may be of interest in terms of an-
tipsychotic properties [3]. It appears that delayed
alternation task is a model with good face and also
some construct validity if hypoactivity of the gluta-
matergic system is regarded as a hallmark [5, 17,
32] of the pathology and major challenge for effec-
tive therapy of schizophrenia.
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