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Abstract:

Background: The purpose of this study was to determine how the activation of different regulatory domains of the NMDA complex
affects the antianxiety effect of antagonists acting at its distinct binding sites.

Methods: The anxiolytic-like activity was assessed by the elevated plus-maze test in mice.

Results: The anxiolytic activity of CGP 37849 (a competitive NMDA receptor antagonist) and L-701,324 (an antagonist at glycine
site) was confirmed, but effects of both were significantly reduced by N-methyl-D-aspartic acid (NMDA) or by D-serine agonists at
glutamate and glycine site of the NMDA receptor complex, respectively.

Conclusion: The obtained data suggest that stimulation of the glutamate or glycine recognition site of the NMDA receptor complex
significantly decreases the antianxiety properties of antagonists of either site.
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Abbreviations: AMPA — 2-amino-3-hydroxy-5-methyl-4-isoxazo- Introduction
lepropionic acid, CGP 37849 — DL-(E)-amino-4-methyl-5-phos-

phono-3-pentenoic acid, DS — D-serine, icv — intracerebroven- . .
tricularly, ip — intraperitoneally, L-701,324 — 7-chloro-4- Results of a number of studies performed in recent

hydroxy-3-(3-phenoxy)phenylquinolin-2[1H]-one, NMDA —  years indicate that the glutamatergic neurotransmis-
N-methyl-D-aspartate sion via ionotropic receptors is involved in the patho-
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physiology of anxiety, depression and fear condition-
ing [11, 13, 31, 40, 45]. Three types of ionotropic glu-
tamate receptors are found in mammalian brain:
N-methyl-D-aspartate (NMDA), 2-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) and kai-
nate [4, 9]. Among them, NMDA receptor, a complex
ion channel, is particularly known as the one which
plays a key role in anxiety disorders [2, 12]. Several
binding sites for structurally different ligands have
been recognized within NMDA receptor, including
a high affinity site for glutamate and NMDA,
a glycine site physiologically activated by glycine or
D-serine (DS), a polyamine site for spermine and
spermidine [38, 43]. For activation of NMDA recep-
tor, both glutamate and glycine sites should be occu-
pied simultaneously, as well as depolarization of the
membrane by AMPA receptors at the same synapse is
required [14]. Under depolarizing conditions, the
blockage of ion channels is relieved and the inflow of
sodium and calcium ions through the NMDA receptor
pore is permitted [15, 41].

The preclinical and clinical data provide strong evi-
dences that diverse antagonists and partial agonists,
acting at different sites of NMDA receptor complex ex-
hibit anxiolytic-like activity. Quite often they are com-
pared to benzodiazepines or barbiturates [12, 17, 36].

The aim of our study was to determine how the acti-
vation of different regulatory domains of the NMDA
complex affects the antianxiety effect of a competitive
glutamate site antagonist (CGP 37849) and a glycine site
antagonist (L-701,324) in the elevated plus-maze test.

Materials and Methods

Animals

The experiments were conducted on naive, adult male
albino Swiss mice weighing 25-30 g. The animals
were housed in the environmentally controlled rooms
with a 12 h light/dark cycle, in groups of 10 in stan-
dard cages. Throughout the study, the animals were
given ad libitum access to water and food. The experi-
ment began after at least 1-week acclimation period in
the laboratory conditions. Each experimental group
consisted of 9-12 animals. Each animal was tested
only once. The experimental protocol was approved
by the Local Ethics Committee at the Medical Univer-

sity of Lublin. All procedures involving animals and
their care were conducted in accordance with the
European Communities Council Directive of 24 No-
vember 1986 (86/609/EEC) and Polish legislation
acts concerning animal experimentation.

Drugs administration

Three separate experimental studies were conducted:
(i) evaluation of the effects of joint administration of
D-serine and CGP 37849 and joint administration of
D-serine and L-701,324, (ii) evaluation of the effect of
joint administration of CGP 37849 and NMDA and
(iii) evaluation of the effect of joint administration
of L-701,324 and NMDA. L-701,324 (7-chloro-4-
hydroxy-3-(3-phenoxy)phenylquinolin-2[1H]-one, 4 mg/
kg, Sigma) was suspended in a 1% aqueous solution
of Tween 80 (POCH), while NMDA (75 mg/kg,
Sigma) and CGP 37849 (DL-(E)-amino-4-methyl-
5-phosphono-3-pentenoic acid, 0.625 mg/kg, Abcam
Biochemicals) were dissolved in physiological saline.
The solutions were administered intraperitoneally (ip)
60 min before behavioral testing. DS (100 nmol/
mouse, Sigma) was dissolved in saline and adminis-
tered intracerebroventricularly (icv) 15 min before the
test. The icv administration was performed according
to a modified method described by Lipman and
Spencer [20]. Briefly, a 10 pl type 701 glass Hamilton
microsyringe with the 26 gauge needle shortened to
a length of 7 mm was used. Rigid PVC tubing was put
on the needle to limit its penetration to 3 mm. The in-
jection site was approximately 2 mm posterior to and
1 mm lateral (left) of the bregma. The doses of drugs
were selected on the basis of the results of previous
experiments [29, 32]. All solutions were prepared im-
mediately prior to the experiment. Animals from the
control groups received an ip or icv injections of sa-
line (vehicle). In order to avoid the risk of obtaining
false results caused by an additional activation of glu-
tamatergic system after icv administration, each ani-
mal in the experiments with DS was given an icv in-
jection — either DS or vehicle, depending on the tested
group. The volume of vehicle or drug solutions for ip
administration was 10 ml/kg and for icv administra-
tion was 5 pl per mouse.

Procedure
The elevated plus maze test was conducted as de-

scribed previously [22]. The elevated plus maze appa-
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ratus in the shape of the horizontal cross was made of
black polyvinyl chloride. It consisted of two open
arms (30 x 5 cm) and two opposite arms (30 x 5 cm)
enclosed by 15-cm high walls, which extended from
a central platform (5 cm square). The apparatus was
elevated 38 cm above floor level on a stable base. The
mice were individually tested under the red light. The
maze was carefully cleaned after each experiment. At
the beginning of a test, a mouse was placed in the cen-
ter of the apparatus facing one of the enclosed arms
and allowed to freely explore the maze for 5 min. The
number of open arm entries and the time spent in
these arms were recorded. Arm entry was defined as
placing all four paws within the boundaries of the
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Fig. 1. Effect of joint administration of D-serine (DS) and CGP 37849
(CGP) and joint administration of D-serine (DS) and L-701,324 (L) in
the elevated plus-maze procedure in mice [the percentage of the
time spent in the open arms (A), and the percentage of the open
arms entries (B)]. DS (100 nmol per mouse) was administered icv 15
min before the test and CGP 37849 (0.625 mg/kg) or L-701,324 (4
mg/kg) was administered jp 60 min before the test. Each animal in the
experiments with DS was given an icv injection — either DS or vehicle,
depending on the tested group. The values represent the mean
+ SEM (n = 9-10 mice per group). ** p <0.01, *** p <0.001 vs. con-
trol, AMAA p < 0.001 vs. CGP 37849, ## p < 0.001 vs. L-701,324
(Student-Newman-Keuls post-hoc test)
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arm. The following parameters being the standard
anxiety indices were calculated as follows: the per-
centage of open arm time (the ratio of time spent in
the open arms to total time spent in any arm x 100),
the percentage of open arm entries (the ratio of entries
into open arms to total entries x 100) [39]. As the
mice are naturally afraid of open space, an increase in
time spent in the open arms or a greater number of
open arm entries were associated with an anxiolytic
effect. The overall motor activity was measured by
a number of closed arm entries. The total number of
entries into either type of an arm was also recorded.

Data analysis

As the main goal of our study was not to determine the
overall factor p values and indicate the overall effect of
DS or NMDA but to point out the significant differ-
ences between individual pairs of the tested groups, the
statistical assessment was basically concentrating on
the multiple comparisons. Therefore, a one-way analy-
sis of variance (ANOVA) was used, followed by
Student-Newman-Keuls post-hoc test. All results are
presented as the means + standard error of the mean
(SEM). A p < 0.05 was considered statistically signifi-
cant. All statistical calculations were performed with
GraphPad Prism version 5.03 for Windows (GraphPad
Software, San Diego, CA, USA).

Results

Effect of DS on the anxiolytic-like activity
of CGP 37849 in the elevated plus-maze test

Data depicted in Figure 1 show that DS administered
at a dose of 100 nmol/mouse did not significantly
change either the percentage of time spent in open
arms or the percentage of the open arm entries,
whereas CGP 37849 given singly at a dose of
0.625 mg/kg significantly increased both the percent-
age of the time spent in the open arms and the per-
centage of the open arm entries in comparison with
the vehicle-treated group. The anxiolytic effect of
CGP 37849 was significantly decreased by DS when
administered together, which was observed in the re-
duced number of the open arm entries and a shorter
time spent in the open arms.
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One-way ANOVA demonstrated statistically sig-
nificant differences between tested groups in relation
to the percentage of the time spent in open arms
[ANOVA: F (3, 34) =22.42,p < 0.0001] as well as in
the relation to the percentage of the open arm entries
[ANOVA: F (3,36) =8.901, p = 0.0002].

Effect of DS on the anxiolytic-like activity of
L-701,324 in the elevated plus-maze test

The antianxiety effect produced by L-701,324 given
alone was significantly reversed by co-administration
of DS which was illustrated in Figure 1.

One-way ANOVA revealed a statistically signifi-
cant differences between tested groups in relation to
the percentage of the time spent in open arms
[ANOVA: F (3, 33)=16.97, p < 0.0001] as well as in
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Fig. 2. Effect of joint administration of CGP 37849 (CGP) and NMDA
in the elevated plus-maze procedure in mice [the percentage of the
time spent in the open arms (A), and the percentage of the open
arms entries (B)]. Both CGP 37849 (0.6 mg/kg) and NMDA (75
mg/kg) were administered ip 60 min before the test. The values rep-
resent the mean + SEM (n = 10 mice per group).*** p <0.001 vs. con-
trol, AMMA p <0.001 vs. CGP 37849 (Student-Newman-Keuls post-hoc
test)

the relation to the percentage of the open arm entries
[ANOVA: F (3,36)=10.41, p < 0.0001].

Effect of NMDA on the anxiolytic-like activity
of CGP 37849 in the elevated plus-maze test

Figure 2 illustrates that both the percentage of time
spent in open arms and the percentage of entries into
the open arms were altered by CGP 37849 adminis-
tered ip at a dose of 0.625 mg/kg. The antianxiety ef-
fect induced by CGP 37849 was significantly reversed
by NMDA given at a dose of 75 mg/kg.

One-way ANOVA pointed at a statistically signifi-
cant differences between tested groups in relation to
the percentage of the time spent in open arms
[ANOVA: F (3,36) =46.07, p < 0.0001] as well as in
the relation to the percentage of the open arm entries
[ANOVA: F (3,36)=24.21, p < 0.0001].
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Fig. 3. Effect of joint administration of L-701,324 (L) and NMDA in the
elevated plus-maze procedure in mice [the percentage of the time
spent in the open arms (A), and the percentage of the open arms en-
tries (B)]. Both L-701,324 (4 mg/kg) and NMDA (75 mg/kg) were ad-
ministered jp 60 min before the test. The values represent the mean
+ SEM (n = 9-10 mice per group). *** p < 0.001 vs. control, AMMA p <
0.001 vs. L-701,324 (Student-Newman-Keuls post-hoc test)
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Effect of NMDA on the anxiolytic-like activity
of L-701,324 in the elevated plus-maze test

L-701,324 exerted the anxiolytic-like effect when
given alone at a dose of 4 mg/kg, which is presented in
Figure 3. The joint administration of L-701,324 and
NMDA resulted in diminished therapeutic effect of the
first agent, measured by the percentage of the open arm
entries and the total time spent in the open arms.

[ANOVA: F (3, 34) = 17.95, p < 0.0001] as well as in
the relation to the percentage of the open arm entries
[ANOVA: F (3, 36) = 10.64, p < 0.0001].

Effect of DS and NMDA ligands on the number
of closed arm entries and the total number of
arm entries

DS administered singly and in combination with the

tested NMDA ligands did not alter the number of
closed arm entries and the total number of arm entries
as compared with the vehicle-treated group (Tab. 1).

One-way ANOVA demonstrated statistically sig-
nificant differences between tested groups in relation
to the percentage of the time spent in open arms

Tab. 1. The number of the closed arm entries and the total arm entries for all experimental groups

Treatment (dose) Number of closed arm entries Number of total arm entries

A
Control 8.30 £ 0.76 11.70 £ 0.99
DS (100 nmol/mouse) 7.70 £0.30 11.30 £ 0.49
CGP 37849 (0.625 mg/kg) 9.00x0.77 15.80 £ 0.99 **
CGP 37849 + DS 9.40+0.94 12.70 £ 0.91#
F (3,36)=1.048, p=0.383 F (3, 36) =5.494, p = 0.0033
**n <0.01 vs. control; # p <0.05 vs. CGP 37849
B
Control 8.300.76 11.70 £ 0.99
DS (100 nmol/mouse) 7.70 £0.30 11.30 £ 0.49
L-701,324 (4 mg/kg) 9.80 £ 0.99 1750 £ 1.11 ***
L-701,324 + DS 8.00+0.76 11.10 = 1.03 ###

F (3, 36) = 1.568, p = 0.2141 F (3, 36) = 10.80, p <0.0001
***n <0.001 vs. control; ## p <0.001 vs. L-701,324

C
Control 10.20 + 0.61 12.50+0.78
NMDA (75 mg/kg) 9.80 + 0.53 11.80 + 0.57
CGP 37849 (0.625 mg/kg) 6.80 £ 0.61 * 11.10+£0.74
CGP 37849 + NMDA 15.20 + 1.25 ***, ###, AAA 19.00 = 1.26 *** ### AAA
F (3, 36) = 18.61, p <0.0001 F (3, 36) = 17.27, p <0.0001
*p <0.05, *** p <0.001 vs. control; ##p <0.001 vs. CGP 37849; A p <0.001 vs. NMDA
D
Control 10.80 + 0.66 13.60 + 0.56
NMDA (75 mg/kg) 10.40 + 0.56 14.40 + 0.77
L-701,324 (4 mg/kg) 11.20 £ 0.49 18.20 £ 0.71 ***

16.50 + 0.64 *** ### Ann 21.90 £ 0.72 ***, ###, A
F (3, 36) = 23.49, p < 0.0001 F (3, 36) =29.96, p <0.0001

*** 1 <0.001 vs. control; ###p <0.001 vs. L-701,324; " p <0.001 vs. NMDA

L-701,324 + NMDA

Data represent the mean + SEM, n=9-12. CGP 37849, L-701,324 and N-methyl-D-aspartic acid (NMDA) were administered jp 60 min before
the test. D-serine (DS) was administered icv 15 min before the test. The data were evaluated by the one-way analysis of variance (ANOVA) fol-
lowed by Student-Newman-Keuls post-hoc test
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Both CGP 37849 and L-701,324 given alone did not
influence the general activity described by the number
of the closed arm entries.

Effect of NMDA and NMDA ligands on
the number of closed arm entries and the total
number of arm entries

Activity in the total arm entries and the closed arm en-
tries were not different between mice receiving
NMDA and the vehicle. Both CGP 37849 and
L-701,324 given alone did not increase the general
activity described by the number of closed arm en-
tries. However, the joint administration of NMDA and
the tested NMDA ligands had a significant effect on
the number of closed arm entries and the total number
of arm entries, as presented in Table 1.

Discussion

The elevated plus maze is one of the most popular un-
conditioned tests for examining anxiolytic and anxio-
genic effects of different agents in rodent models [22,
27]. The brain structures — amygdala and hippocam-
pus, are widely known to be implicated in regulation
and control of anxious response [44]. Assessing the
behavior of the genetically modified mice deprived of
the NR1 or NR2B subunits of the NMDA receptor
complex from hippocampal areas, Niewoehner et al.
[25] and von Engelhardt et al. [42] proved the signifi-
cant role of hippocampal NMDA receptors in anxiety.
Nascimento Héckl and Carobrez [24] pointed the ven-
tral (unlike dorsal) hippocampal NMDA receptors as
the primarily implicated ones. The involvement of the
amygdalar glutamatergic system in lasting increases
in anxiety-like behavior of rats following the expo-
sure to a stressor was revealed by Adamec et al. [1] —
administration of a non-competitive antagonist of the
NMDA receptor (MK-801) into the amygdala blocked
the effects of predator stress. In addition, the
anxiolytic-like effects of the NMDA receptor antago-
nists were also observed after microinjection into the
dorsolateral periaqueductal gray [10, 23]. Encouraged
by the above-mentioned experiments, we decided to
evaluate the possible influence of two distinct NMDA
receptor sites agonists on anxiolytic-like behavior in
mice induced by ligands (antagonists) of the NMDA
receptor complex.

An anxiolytic-like effect of CGP 37849, a conven-
tional competitive antagonist of the glutamate site of
NMDA receptor, was revealed in the present research.
These findings are in agreement with results obtained
by Przegalinski et al. [36] who performed their experi-
ments in rat model. Several previous reports provide
data concerning anxiety reducing properties of other
competitive NMDA receptor antagonists [28, 36].

Our results confirmed the observations made in the
course of the previous investigations [29, 31, 35], suggest-
ing that the activity of NMDA receptor may be inhibited
not only by antagonists of glutamate recognition site but
also through blockage of the glycine modulatory site by its
antagonists. L-701,324 as a high-affinity potent blocker of
NMDA receptor induced an anxiety reducing response in
laboratory animals after a single injection into the perito-
neal cavity of 4 mg/kg. Moreover, similar effect after oral
administration of L-701,324 has been reported [17]. Ac-
cording to the literature [32, 33], this agent produces an an-
tidepressant effects, as well. It is encouraging, that admini-
stration of modulators of the glycine site is not associated
with the inconvenient adverse effects typical for conven-
tional antagonists of NMDA receptor [3, 6, 34].

Although NMDA excitatory amino acid agonist is
known to produce anxiogenic-like effect [26, 29], it
did not significantly influence the behavior of mice
after acute 75 mg/kg dosing. However, this ineffective
concentration significantly reduced the antianxiety
properties of CGP 37849 and L-701,324 when co-
administered. The similar results were achieved for
co-treatment with DS, an agonist of the glycine bind-
ing site. Admittedly, the concentration of 10 mg/kg
was too low to produce any significant effect when
DS was given alone, but according to the literature
[18], this substance is known to evoke a prominent
anxiogenic-like effect in mice in multiple tests of
anxiety. However, it cannot be excluded that the test-
ing conditions applied in our study did not allow de-
tecting the anxiogenesis induced by the low dose of
DS. It is also possible that the so-called floor effect,
defined as the lowest level of plus-maze performance
that will not show any further decrease in the open
arms exploration, was responsible for this lack of DS
and NMDA effects. Thus, further investigations on
this matter are needed. The outcomes of the present
studies are in agreement with previous experiments
which indicated that antidepressant-like activity of
CGP 37849 and L-701,324 was significantly de-
creased by activation of glutamate or glycine biding
site at NMDA receptor when measured in the forced
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swim test in mice [30-32]. Furthermore, Poleszak et
al. [31] noted that CGP 37849 and L-701,324 en-
hanced anxiety reducing effect of chlordiazepoxide in
mice in the elevated plus-maze test.

It is well documented [21] that an increase of the
time spent in the open arms or an augmented number
of entries into the open arms suggest the anxiolytic-
like effect of the drug only if there is no drug-related
changes in the locomotor activity, which may con-
found the outcomes of the elevated plus-maze test. It
may happen, that after administration of a substance
producing a motor-stimulant effects, the tested animal
would behave as if it was given an anxiolytic [7]. Un-
der certain circumstances, the false negative results
induced by the changes in the locomotor activity were
noticed as well [8]. On the other hand, there are evi-
dences that the total number of arm entries is a rather
poor index of locomotor activity, charging simultane-
ously on both anxiety and locomotion factors [7, 37].
Some authors suggest using the number of closed arm
entries — a relatively pure index of locomotor activity,
as a better alternative [5, 19]. Therefore, the elevated
number of the total arm entries observed for the ani-
mals treated with CGP 37849 or L-701,324 might
have been the consequence of reflecting changes in
anxiety. Particularly in view of the fact that the
number of the closed arm entries was not increased
for any group injected with CGP 37849 or L-701,324
alone. Observations made by other authors confirm
that administration of low doses of CGP 37849 or L-
701,324 does not affect the motor behavior of the ani-
mals [16, 17, 35]. Therefore, the anxiolytic effect ob-
served for both tested compounds was not misinter-
preted or induced by hyperlocomotion. When the anti-
anxiety properties of CGP 37849 and L-701,324 were
reversed by administration of NMDA, unexpectedly
the locomotor activity of mice grew in a synergistic
manner as compared to the single-treatment group. As
it is not possible to explain this effect by analyzing
only the outcomes of the behavioral tests, further phar-
macokinetic investigations are planned. By contrast,
concurrent therapy of DS and the tested NMDA
ligands caused no alteration in the locomotor activity
measured by the number of closed arm entries.

On the basis of the present results we can confirm
the important role of NMDA/glutamate pathway in
the anxiolytic effect of the antagonists of the NMDA
receptor complex, since the stimulation of the gluta-
mate or glycine recognition site of the NMDA recep-
tor significantly decreases the antianxiety properties
of their antagonists.
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