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Chronic treatment with antidepressants affects glycine/NMDA
receptor function: behavioral evidence
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Abstract

Like the clinically effective benzodiazepine anxiolytic, chlordiazepoxide, the glycine/NMDA receptor antagonist L-701,324 (3,
7.5 and 10 mg/kg), produces dose-related increases in the percentage of time spent in the open arms and the percentage of entries
into the open arms of an elevated plus maze in mice. Consistent with its proposed mechanism of action, these anxiolytic effects
of L-701,324 (7.5 mg/kg) are reversed by pretreatment with glycine (500 and 800 mg/kg). Chronic treatment with citalopram (20
mg/kg for 21 days), imipramine (15 mg/kg for 21 days) and electroconvulsive shock (ECS, for 8 days), produced a reduction in
the anxiolytic-like actions of L-701,324 (7.5 mg/kg) such that they could not be reversed by glycine. In contrast, the anxiolytic
effects of L-701,324 and reversal of these effects by glycine were unaffected by acute treatment with imipramine, chronic adminis-
tration with placebo or the neuroleptic chlorpromazine, or sham ECS. Further, imipramine administered for 21 days did not affect
the anxiolytic effect of 5 mg/kg of chlordiazepoxide. The apparent reduction in the anxiolytic-like actions of a specific
glycine/NMDA receptor antagonist following chronic treatment with a variety of antidepressants is consistent with previous neuroch-
emical and molecular studies indicating that chronic antidepressant treatment can affect NMDA receptor function. 2000 Elsevier
Science Ltd. All rights reserved.
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1. Introduction

Converging lines of evidence indicate that adaptive
changes inN-methyl-D-aspartate (NMDA) receptors are
a necessary component of the neuronal response to treat-
ment with antidepressant drugs (Skolnick et al., 1996).
Such adaptive changes have been shown in radioligand
binding to NMDA receptors after chronic, but not acute
treatment with a wide range of clinically effective anti-
depressants. These adaptations are manifested as: (1) a
reduction in the potency of glycine inhibition of [3H]5,7-
DCKA ([3H]5,7-dichlorokynurenic acid) binding to
strychnine-insensitive glycine receptors and, (2) a
reduction in the proportion of high affinity glycine sites
inhibiting the binding of [3H]CGP-39653 ([3H]D,L-(E)-
2-amino-4-propyl-5-phosphono-3-pentenoic acid) to glu-
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tamate recognition sites (Nowak et al. 1993, 1998; Paul
et al. 1993, 1994).

In addition, using a more limited range of antidepress-
ants, reductions in NMDA receptorξ, ε1 and/orε2 (the
mouse homologue of rat subunit NMDAR-1, NMDAR-
2A and NMDAR-2B, respectively) subunit mRNA lev-
els have been reported (Boyer et al., 1998). Such
reductions ranged up to about 40% and were found in a
region and layer specific manner. Based on these neuro-
chemical and molecular studies, it was hypothesized that
chronic treatment with antidepressants results in a
reduction in NMDA receptor function (Skolnick, 1999).

However, based on ex vivo findings, it is difficult to
assess the functional consequences of such alterations in
the whole animal. In order to determine if these neuroch-
emical and molecular changes result in functional conse-
quences, the behavioral effects of L-701,324, a specific
NMDA antagonist acting at the glycine site of the
NMDA receptor were examined after chronic treatment
with antidepressants. NMDA receptor antagonists pro-
duce a variety of behavioral effects (Witkin, 1994; Dan-
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ysz and Parsons, 1998), some of which may be used to
“probe” the function of the NMDA receptor complex.
We hypothesized that a rapid and effective test should
be used, which in addition, should be able to detect alter-
ations in the same population of NMDA receptors that
are due to the long-term administration of antidepress-
ants. From this perspective, the tests assessing NMDA-
induced seizures or NMDA receptor antagonist-induced
ataxia and cognitive impairments were discarded. Since
we were interested in investigating the function of the
glycine/NMDA site after chronic administration of anti-
depressants, these tests appeared impractical and the data
gained from them difficult to interpret. For example,
cognitive impairment produced by antagonists of
NMDA receptors relies on complicated and time-con-
suming procedures. Antagonists of the NMDA receptor
complex produce ataxia, and although its assessment is
not difficult (Evoniuk et al., 1991), the doses of NMDA
receptor antagonists required to produce motor impair-
ment are much higher than the effective doses used in
the majority of other studies. The use of the NMDA-
induced seizure model in mice treated chronically with
antidepressants would imply the additional adminis-
tration of NMDA to produce seizures, a glycine/NMDA
antagonist to inhibit them, and glycine, to attenuate
glycine/NMDA antagonist actions.

We were also considering using the forced swim test
(Porsolt et al., 1977), but we expected difficulties in the
interpretation of the results of experiments involving
long-term treatment with antidepressants. Such difficult-
ies could arise, since this paradigm is by itself sensitive
to NMDA receptor antagonists (Trullas and Skolnick,
1990), and we were seeking for a test to reflect the func-
tion of the NMDA receptor complex, rather than the
“antidepressive” effects of compounds. Therefore, the
effect of L-701,324 in the elevated plus maze test was
selected as an index of the function of the
glycine/NMDA receptor, because of previous reports
demonstrating dose dependent anxiolytic actions of this
compound in the elevated plus maze (Kotlinska and Lil-
jequist, 1998) and because the positive effects of antide-
pressants after chronic administration in this test are
equivocal (see Discussion section).

In mice and rats treated chronically with antidepress-
ants, the in vitro potency of glycine (i.e., theagonist),
to inhibit binding of [3H]5,7-DCKA is reduced, but the
specific binding of [3H]5,7-DCKA (i.e., theantagonist)
to these sites is unchanged (Nowak et al., 1993; Paul et
al. 1993, 1994). These findings suggest that the compli-
cated alterations in glycine/NMDA sites are somewhat
specific to glycine/NMDA receptor agonists rather than
to antagonists. Thus, the possibility existed that the anxi-
olytic effects of glycine/NMDA receptor antagonists
would be unchanged after chronic treatment with antide-
pressants, but that the inhibitory action of glycine on the
anxiolytic effects of glycine/NMDA receptor antagonist

would be reduced. Therefore, to investigate this hypoth-
esis, the inhibitory effect of glycine on the anxiolytic
properties of L-701,324 was studied in mice treated
chronically with antidepressants. This specific hypoth-
esis also influenced the predetermined design of the stat-
istical analysis. Thus, to determine the magnitude of the
anxiolytic effect of the glycine/NMDA antagonistand
its inhibition by glycine, the whole sets of data (various
challenges to similarly pretreated mice) were subjected
to one way between subjects ANOVA. Separately, the
effects of chronic treatment with antidepressants and the
effects of challenge were studied using two way
ANOVA.

2. Methods

2.1. Animals

Male Albino Swiss mice (26–32 g), Institute of Phar-
macology breeding facility, were housed in plastic cages
(58×37×19 cm), 8–10 subjects per cage, for at least 2
weeks before the experiments were begun. Water and
commercial food were available ad libitum and the ani-
mal room was maintained on a controlled light–dark
cycle (lights on: 07.00; off: 19.00 h) and temperature
(21±1°C). Experiments were carried out between 09.00
and 17.00 h. Each animal was used only once.

2.2. Drugs

Imipramine HCl, chlordiazepoxide HCl (Polfa,
Poland), citalopram HBr (Lundbeck AS, Copenhagen,
Denmark), glycine and chlorpromazine HCl (Sigma, St.
Louis, MO, USA) were dissolved in physiological saline.
The base form of L-701,324 (7-chloro-4-hydroxy-3-(3-
phenoxy)phenyl-2(H)-quinoline, Tocris Cookson Inc.,
Ballwin, Missouri, USA) was suspended in 0.5% methyl
cellulose using a few minutes of sonication. All periph-
eral injections were given in a volume of 10 ml/kg, i.p.
The doses of antidepressant drugs were selected based
on several earlier reports (e.g., Paul et al., 1994). Drugs
were administered i.p. 30 min before the test. Since after
peripheral administration, the behavioral effects of gly-
cine last for a much shorter time (minutes) than the
effects of L-701,324 (hours) (Danysz and Parsons, 1998;
Trullas and Skolnick, 1990), and since we wanted gly-
cine to affect both L-701,324 actions as well as the
behavioral response, in the case of combined treatment,
glycine was administered 35 min and L-701,324, 20 min
before the test, respectively.

ECS apparatus (COTM, Bialystok, Poland) was set to
20 mA with shock duration of 0.2 s. The intensity of
ECS stimulation was based on a previous report (Paul
et al., 1994).
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2.3. Apparatus

An elevated plus maze (Lister, 1987) was used to
study the anxiolytic effects of L-701,324. It was made
of plywood and consisted of two open arms 30×5 cm
and two enclosed arms 30×5×15 cm. The arms extended
from a central platform of 5×5 cm. The maze was
painted black and mounted on a wooden base, raising it
50 cm above the floor. The apparatus was lit with two
100 W light bulbs, placed|60 cm above the open arms.
The entrances into the open or closed arms were defined
when mice walked into respective compartments with all
four paws.

2.4. Procedure

The study was composed of two parts. Firstly, the
anxiolytic effects of L-701,324 were determined in
otherwise naive mice, as well as the antagonistic effects
of glycine on a selected dose of L-701,324.

In the second part, groups of mice were treated for 21
days with imipramine (15 mg/kg) or citalopram (20
mg/kg) or for 8 days with electroconvulsive shock (ECS,
20 mA, 0.2 s), once daily. Control treatments included
21 injections of placebo (physiological saline) and chlor-
promazine (2 mg/kg), 8 days of sham-ECS (clips on the
ears, no current) as well as a single administration of
imipramine (15 mg/kg). In addition, in a separate experi-
ment, the effects of 21 days imipramine (15 mg/kg)
administration on the anxiolytic actions of the benzodia-
zepine, chlordiazepoxide (5 mg/kg) were studied. Since
experiments lasted for several months, all of the experi-
mental groups (with the exception of ECS) had all poss-
ible internal controls.

Twenty-four hours after the last injection or ECS,
mice were tested in the elevated plus maze, as described.
Before the test, separate groups of mice were adminis-
tered placebo+placebo, placebo+L-701,324 (7.5 mg/kg),
glycine (500 mg/kg)+L-701,324 (7.5 mg/kg) or glycine
(800 mg/kg)+L-701,324 (7.5 mg/kg).

The experiments were carried out according to the
National Institutes of Health Guide for Care and Use of
Laboratory Animals (publication No. 85-23, revised
1985).

2.5. Data presentation and statistics

Data are expressed as means±SEM. Data from the first
part of the study are shown with a number of the possible
measures, including: (1) total number of crosses, (2)
open arm crosses, (3) percent of open arm crosses, (4)
time (in s) spent in open arms and (5) percent of time
spent in open arms. While the first measure is regarded
as a measure of general locomotor activity, all the
remaining measures give an indication of anxiety level.
The data from the dose-dependent study of anxiolytic

effects of L-701,324 and their inhibition by glycine were
subjected to a non-linear curve fitting procedure
(GraphPad Prism, 3.01 for Windows) in order to estab-
lish the ED50 and 95% confidence intervals for these
two effects.

The anxiolytic effects of L-701,324 in mice treated
with antidepressants and their controls are shown as the
“% time spent on open arms”. This sole measure was
used because it covaries with all other measures of anxi-
ety in the elevated plus maze (Rodgers and Dalvi, 1997),
and is regarded as the most powerful and reliable. Raw
data representing “% time spent on open arms” were
analyzed using one way ANOVA, followed by Dunnet’s
test, two way ANOVA (ANTIDEPRESSANT ×
CHALLENGE), or Student’st-test, if appropriate.

To compare directly the effects of challenges with L-
701,324 and glycine+ L-701,324 in groups pretreated
with various drugs, raw data were transformed to express
the magnitude of the anxiolytic effect of L-701,324 as
the percentage of the effect resulting from placebo chal-
lenge. Similarly, the raw data were transformed to
express the magnitude of the antagonistic effect of gly-
cine as the percentage of the effect resulting from L-
701,324 challenge. These values were subjected to mul-
tiple two way ANOVAs, and the summary of findings
resulting from these transformations is shown in Table 9.

3. Results

3.1. Anxiolytic effect of L-701,324 and its reversal by
glycine

L-701,324 produced a dose-dependent increase in the
“% time spent on open arms”. Table 1 shows that the
doses of 3, 7.5 and 10 mg/kg, (but not 0.3 and 1 mg/kg)
similarly decreased other measures of anxiety, including
“open arm crosses”, “% open arm crosses” and “time
spent on open arms”. None of the doses affected the
number of “total crosses”. Fig. 1 shows that the ED50 of
the L-701,324 effect is 0.92 (C.I.: 0.29–2.92) mg/kg. In
terms of absolute values, the increase in the “% time
spent on open arms” produced by 7.5 mg/kg of L-
701,324 (5.2±0.9, Table 1) was comparable with that
produced by 5 mg/kg of chlordiazepoxide (8.83±2.13,
Table 8).

Glycine dose-dependently inhibited the anxiolytic
effect of 7.5 mg/kg of L-701,324 (Table 2). In measures
of “open arm crosses” and “time spent on open arms”,
both doses of 700 and 800 mg/kg produced statistically
significant effects. If measures of “% open arm crosses”
and “% time spent on open arms” were calculated, only
the dose of 800 mg/kg appeared to produce statistically
significant effects. The same dose appeared to negligibly
(by 17%), but significantly decrease the number of “total
crosses”. Fig. 1 shows that the ED50 for the inhibitory
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Table 1
Dose-dependent anxiolytic effects of L-701,324 in the elevated plus maze in mice. Asterisks indicate a significant difference (*P,0.05, ** P,0.01)
compared to control (placebo treated) mice, (Dunnett’s Multiple Comparison Test)

L-701,324 dose [mg/kg] N Total crosses Open arm crosses % Open arm Time on open arms % Time on open
crosses [s] arm

0 20 13.5±0.7 0.8±0.2 6.1±1.4 3.0±0.7 1.4±0.3
0.3 7 13.1±0.9 0.7±0.3 5.6±2.5 4.9±2.1 2.2±1.0
1.0 9 11.7±1.0 1.0±0.3 8.9±2.6 7.2±2.3 3.7±1.2
3.0 9 12.4±0.8 2.4±0.5** 19.4±3.5** 13.1±4.1** 6.0±2.0 **
7.5 10 13.5±1.1 2.5±0.4** 18.2±2.4** 10.9±2.0* 5.2±0.9 *
10.0 5 14.0±1.6 2.4±0.5* 17.1±3.2* 14.6±3.5** 6.8±1.6 **
ANOVA 0.68 7.61 7.21 4.73 4.37
F(5,59)= P.0.05 P,0.001 P,0.001 P,0.01 P,0.01

Fig. 1. Anxiolytic effects of L-701,324 (left curve) and inhibition of
the anxiolytic effect of 7.5 mg/kg of L-701,324 by glycine (right
curve). The same data (“% time on open arms”) are presented in Table
1 and Table 2. The ED50 (and 95% C.I.) of the L-701,324 effect is
0.92 (0.29–2.92) mg/kg. The ED50 (and 95% C.I.) of the glycine effect
is 527 (412–673) mg/kg.

Table 2
Glycine dose-dependently inhibits the anxiolytic effects of 7.5 mg/kg of L-701,324 in the elevated plus maze in mice. Asterisks indicate a significant
difference (*P,0.05, ** P,0.01) compared to control mice, treated with placebo+7.5 mg/kg of L-701,324 (Dunnett’s Multiple Comparison Test)

Glycine dose [mg/kg] N Total crosses Open arm crosses % Open arm Time on open arms % Time on open
crosses [s] arm

0 38 12.4±0.5 2.0±0.2 15.3±1.3 10.3±1.5 5.3±0.7
100 29 12.6±0.7 1.9±0.3 13.5±1.6 11.0±2.1 5.7±1.2
200 28 13.3±0.6 2.0±0.3 13.9±1.8 9.6±1.8 4.9±1.0
400 35 12.1±0.5 1.8±0.2 14.1±1.7 10.3±1.7 5.1±0.8
500 12 12.2±1.0 1.7±0.2 15.1±1.9 6.6±1.2 3.7±0.8
600 12 12.5±0.9 1.3±0.3 10.3±2.0 4.5±1.2 2.3±0.5
700 9 9.6±1.2 0.8±0.3* 7.5±2.6 1.9±1.0* 1.0±0.5
800 33 10.3±0.5* 0.7±0.1** 6.2±1.2** 2.8±0.7** 1.4±0.4**
ANOVA 3.07 4.6 4.39 4.21 3.89
F(7,195)= P,0.01 P,0.001 P,0.001 P,0.01 P,0.01

effect of glycine on the anxiolytic action of 7.5 mg/kg
of L-701,324 is 527 (C.I.: 412–673) mg/kg.

3.2. Effects of chronic treatment with antidepressants
on the anxiolytic actions of L-701,324 and its
antagonism by glycine

Following 21 days (Table 3, Table 4 and Table 7) and
1 day (Table 6) of placebo treatment, the challenge with
7.5 mg/kg of L-701,324 produced a significant increase
in the “% time spent on open arms” and this increase was
inhibited by co-administration of 500 and 800 mg/kg of
glycine.

Mice treated with citalopram for 21 days demon-
strated an insignificant response to 7.5 mg/kg of L-
701,324 and/or glycine+L-701,324 challenge since one
way between subjects ANOVA yielded insignificant
results. In contrast, in the respective control group
treated chronically with placebo, challenge with L-
701,324 resulted in a significant increase in “% time
spent on open arms” which was inhibited by both doses
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Table 3
Effects of 21 days of treatment with placebo or citalopram (20 mg/kg) on the challenge with L-701,324 and glycine+L-701,324 in mice. The data
are expressed as the mean±SEM of the “% time spent on open arms”. The test was carried out 24 hours after the last dose. TheN is given in
parentheses. Asterisks indicate significant (**P,0.01, Dunnett’s Multiple Comparison Test) difference compared to respective control group of
mice challenged with glycine (0 mg/kg)+L-701,324 (7.5 mg/kg)

Placebo 21 days Citalopram 21 days
Glycine [mg/kg] L-701,324 [mg/kg]

0 0 3.13±0.78 (12)** 3.38±0.63 (10)
0 7.5 6.94±1.19 (12) 4.75±0.83 (11)
500 7.5 2.75±0.67 (12)** 4.24±0.69 (13)
800 7.5 2.25±0.62 (12)** 2.15±0.61 (12)

ANOVA F(3,47)=6.42,P,0.005 F(3,45)=2.71,P.0.05

of glycine (Table 3). Two-way ANOVA demonstrated
an insignificant effect of CITALOPRAM, but significant
effect of CHALLENGE: F(3,86)=7.71, P,0.001. The
interaction was insignificant.

In mice treated with imipramine for 21 days, one way
ANOVA revealed an insignificant effect of the challenge
with L-701,324 and/or glycine+L-701,324. In contrast,
in the respective control group treated chronically with
placebo, challenge with L-701,324 resulted in a signifi-
cant increase in “% time spent on open arms” which was
inhibited by both doses of glycine (Table 4). Two-way
ANOVA demonstrated a significant effect of IMIPRAM-
INE F(1,85)=11.6, P,0.01 and of CHALLENGE
F(3,85)=5.75,P,0.01. The interaction was insignificant.

As is the case with long-term treatment with citalop-
ram and imipramine, prolonged treatment with ECS
resulted in an insignificant response to the challenge with
L-701,324 and/or glycine+L-701,324 since one way
between subjects ANOVA yielded insignificant results.
Sham-ECS treated mice responded to L-701,324 chal-
lenge with increased “% time spent on open arms”
(Table 5). Two-way ANOVA demonstrated a significant
effect of ECS:F(1,35)=4.73,P,0.05 but not of CHAL-
LENGE or interaction.

Decreased response to glycine/NMDA antagonist
challenge in ECS-treated mice is more evident upon
comparison of the anxiolytic effects of L-701,324,
expressed as a percentage of responses observed in pla-
cebo-challenged (“baseline”) controls. Thus, in mice

Table 4
Effects of 21 days of treatment with placebo or imipramine (15 mg/kg) on the challenge with L-701,324 and glycine+L-701,324. The data are
expressed as the mean±SEM of the “% time spent on open arms”. *P,0.05, ** P,0.01, (Dunnett’s Multiple Comparison Test). For other details,
see the legend to Table 3

Placebo 21 days Imipramine 21 days
Glycine [mg/kg] L-701,324 [mg/kg]

0 0 2.54±0.61 (12)* 4.53±1.16 (12)
0 7.5 5.54±1.07 (13) 8.06±1.13 (13)
500 7.5 2.04±0.51 (10)** 5.18±1.25 (11)
800 7.5 1.59±0.26 (10)** 4.25±1.54 (12)

ANOVA F(3,44)=6.09,P,0.005 F(3,47)=1.97,P.0.05

treated with sham-ECS, L-701,324 potently increased
“% time spent on open arms” values to 331% of values
observed in placebo-challenged controls. In contrast, in
mice treated with ECS, L-701,324 increased these anxi-
olytic measures to a much lesser degree (160%). Since
the effects of L-701,324+glycine challenge were not
tested in sham-ECS mice, the precise comparison of the
effects of ECS on the glycine+ L-701,324 challenge
could not be calculated. However, in ECS-treated mice
the magnitude of the inhibitory effects of glycine on the
anxiolytic effects of L-701,324, expressed as the per-
centage of responses observed in L-701,324 challenged
mice appeared lower (|48%) than the magnitude of the
antagonistic effects of glycine observed in control mice
treated chronically with placebo (28–39%, see Table 9).

Contrary to the long term treatment, the control group
of mice treated with asingledose of imipramine (Table
6) responded to a L-701,324 challenge with an increase
in the “% time spent on open arms”. This effect was
inhibited with 800 mg/kg of glycine. Similarly, concur-
rently treated placebo controls responded to L-701,324
challenge with an increase in the “% time spent on open
arms”, and this effect was inhibited with both 500 and
800 mg/kg doses of glycine. Two-way ANOVA demon-
strated a significant effect of CHALLENGE
[F(3,88)=14.9, P,0.001]. Neither the IMIPRAMINE
factor, nor the interaction was significant.

Mice treated for 21 days with chlorpromazine
responded to a L-701,324 challenge with an increase in
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Table 5
Effects of treatment for 8 days with sham-ECS or ECS (20 mA, 0.2 s) on the challenge with L-701,324 and glycine+L-701,324. The data are
expressed as the mean±SEM of the “% time spent on open arms”. **P,0.01, (Student’st-test). For other details, see the legend to Table 3

Sham ECS 8 days ECS 8 days
Glycine [mg/kg] L-701,324 [mg/kg]

0 0 0.87±0.28 (9)** 3.26±0.89 (10)
0 7.5 2.88±0.59 (10) 5.22±1.81 (10)
500 7.5 Not tested 2.52±0.85 (9)
800 7.5 Not tested 2.48±0.88 (10)

ANOVA t(17)=2.94,P,0.01 F(3,38)=1.16,P.0.05

Table 6
Effects of a single administration of placebo or imipramine (15 mg/kg) on the challenge with L-701,324 and glycine+L-701,324. The data are
expressed as the mean±SEM of the “% time spent on open arms”. *P,0.05, ** P,0.01, (Dunnett’s Multiple Comparison Test). For other details,
see the legend to Table 3

Placebo 1 day Imipramine 1 day
Glycine [mg/kg] L-701,324 [mg/kg]

0 0 2.13±0.44 (12)** 1.98±0.65 (11)*
0 7.5 5.93±0.94 (12) 5.19±1.53 (11)
500 7.5 2.67±0.32 (12)** 2.83±0.59 (13)
800 7.5 1.28±0.31 (12)** 0.65±0.24 (13)**

ANOVA F(3,47)=13.0,P,0.001 F(3,47)=5.11,P,0.01

the “% time spent on open arms”, and this effect was
inhibited by 800 mg/kg of glycine. Similarly, concur-
rently treated placebo controls responded to L-701,324
challenge with an increase in the “% time spent on open
arms”, and this effect was inhibited by both 500 and 800
mg/kg of glycine (Table 7). Two-way ANOVA demon-
strated a significant effect of CHALLENGE:
F(3,84)=10.8,P,0.001. Neither the CHLORPROMAZ-
INE factor, nor the interaction was significant.

In mice treated with imipramine for 21 days, chal-
lenge with 5 mg/kg chlordiazepoxide produced signifi-
cant increases in the “% time spent on open arms”, and
glycine+chlordiazepoxide challenge did not differ from
chlordiazepoxide challenge. Similar results were
obtained in mice treated for 21 days with placebo: chlor-
diazepoxide produced a significant decrease in the anxi-
ety measure and the glycine+chlordiazepoxide challenge

Table 7
Effects of 21 days of treatment with placebo or chlorpromazine (2 mg/kg) on the challenge with L-701,324 and glycine+L-701,324. The data are
expressed as the mean±SEM of the “% time spent on open arms”. *P,0.05, ** P,0.01, (Dunnett’s Multiple Comparison Test). For other details,
see the legend to Table 3

Placebo 21 days Chlorpromazine 21 days
Glycine [mg/kg] L-701,324 [mg/kg]

0 0 1.18±0.53 (11)** 1.15±0.61 (11)*
0 7.5 2.90±0.35 (12) 3.30±0.44 (12)
500 7.5 1.66±0.26 (11)* 1.98±0.39 (13)
800 7.5 0.69±0.23 (10)** 0.92±0.50 (13)**

ANOVA F(3,43)=6.87,P,0.001 F(3,48)=4.90,P,0.01

did not differ from the chlordiazepoxide challenge
(Table 8). Two-way ANOVA demonstrated a significant
effect of IMIPRAMINE F(1,66)=5.61, P,0.05 and of
CHALLENGE: F(3,66)=19.43,P,0.01. The interaction
was insignificant.

3.3. Summary of findings: effects of various drugs
treatment on the magnitude of the effect of challenge
with L-701,324 and glycine+ L-701,324

To determine whether treatment with drugs as
opposed to placebo treatment influenced the anxiolytic
effect of L-701,324, two way ANOVAs were calculated
using values representing the anxiolytic effect of the L-
701,324 challenge expressed as the percentage of pla-
cebo challenge. In the case of antidepressants
(citalopram or imipramine), the factor TREATMENT
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Table 8
Effects of 21 days of treatment with placebo or imipramine (15 mg/kg) on the challenge with chlordiazepoxide and glycine+chlordiazepoxide. The
data are expressed as the mean±SEM of the “% time spent on open arms”. The test was carried out 24 h after the last dose. TheN is given in
parentheses. Asterisks indicate a significant (*P,0.05, Dunnett’s Multiple Comparison Test) difference compared to the respective control group
of mice challenged with glycine (0 mg/kg)+chlordiazepoxide (5 mg/kg)

Placebo 21 days Imipramine 21 days
Glycine [mg/kg] Chlordiazepoxide [mg/kg]

0 0 2.18±0.64 (9)* 3.62±0.99 (9)*
0 5 8.83±2.13 (10) 12.4±2.29 (9)
500 5 5.39±1.21 (9) 10.43±2.98 (10)
800 5 4.72±1.63 (10) 6.85±1.86 (8)

ANOVA F(3,34)=3.09,P,0.05 F(3,32)=3.01,P,0.05

appeared marginally significant:F(1,45)=3.182,P=0.08
and neither the kind of antidepressant (citalopram or
imipramine), nor the interaction was significant. In the
case of control treatments (chronic chlorpromazine and
a single dose of imipramine) the factor TREATMENT
appeared insignificant:F(1,43)=0.006, P.0.05 and
neither the kind of control treatment (chlorpromazine or
imipramine), nor the interaction was significant (Table
9).

To determine whether chronic treatment with antide-
pressants influenced the inhibitory effect of glycine on
the anxiolytic effect of the L-701,324 challenge, two
way ANOVAs were calculated on values representing
glycine effects expressed as the percentage of anxiolytic
effects of the L-701,324 challenge. In the case of antide-
pressants (citalopram or imipramine), the factor TREAT-
MENT appeared significant:F(1,88)=9.455,P,0.01 and
neither the factor of antidepressant (citalopram or
imipramine), nor the interaction was significant. In con-

Table 9
Summary of findings. L-701,324 effects are presented as the percentage of the anxiolytic effect of the placebo-challenged controls. Glycine effects
are presented as the percentage of the anxiolytic effect of L-701,324-challenged mice. Symbols: **P,0.01 compared to placebo-pretreated L-
701,324-challenged controls

Treatment, days of treatment L-701,324 challenge effect Glycine (500 mg/kg) effects Glycine (800 mg/kg) effects
expressed as a % of “baseline” expressed as % of L-701,324 expressed as % of L-701,324
placebo challenge challenge challenge

Antidepressants
Placebo 21 221.8±38.1 (12) 39.6±9.7 (12) 32.4±9.0 (12)
Citalopram 21 140.7±24.4 (11) ** 89.2±14.6 (13) 45.3±12.9 (12)
Placebo 21 218.0±42.2 (13) 36.8±9.3 (10) 28.7±4.7 (10)
Imipramine 21 178.0±25.0 (13) 64.3±15.5 (11) 52.7±19.2 (12)
2 way ANOVA:
L-701,324 effect:FAntidepressant(1,45)=3.182,P=0.08;
Glycine effect:FAntidepressant(1,88)=9.455,P,0.01

Controls
Placebo 1 278.2±44.0 (12) 45.0±5.5 (12) 21.5±5.2 (12)
Imipramine 1 262.2±77.3 (11) 54.5±11.5 (13) 12.6±4.6 (13)
Placebo 21 245.8±29.6 (12) 57.4±8.9 (11) 23.8±8.0 (10)
Chlorpromazine 21 287.0±37.8 (12) 59.9±11.8 (13) 28.0±15.2 (13)
2 way ANOVA:
L-701,324 effect:FAntidepressant(1,43),1, P.0.05
Glycine effect:FAntidepressant(1,93)=1.465,P.0.05

trast, in the case of control treatments (chronic chlorpro-
mazine and a single dose of imipramine) the factor
TREATMENT appeared insignificant:F(1,93)=1.465,
P.0.05 and neither the kind of control treatment
(chlorpromazine or imipramine), nor the interaction was
significant (Table 9).

The effects of chronic treatment with antidepressants
appeared to depend mainly on the effects of citalopram.
This is because two way ANOVA calculated on values
representing the anxiolytic effect of L-701,324 challenge
expressed as the percentage of placebo challenged con-
trols and on values representing glycine effects
expressed as the percentage of anxiolytic effects of L-
701,324 challenge revealed a significant interaction fac-
tor F(2,66)=5.282,P,0.01 and an insignificant TREAT-
MENT (citalopram/placebo) factor. The CHALLENGE
(L-701,324, glycine 500+ L-701,324, glycine 800+ L-
701,324) factor appeared highly significant:
F(2,66)=26.477, P,0.001. The significant interaction
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indicates that citalopram treatment affected differently
the challenges with glycine/NMDA antagonist and gly-
cine than did placebo treatment. Similar analysis evaluat-
ing effects of chronic treatment with imipramine yielded
somewhat different results. Thus two way ANOVA
demonstrated insignificant TREATMENT (imipra-
mine/placebo) but highly significant CHALLENGE
(L-701,324, glycine 500+ L-701,324, glycine 800+
L-701,324) factorF(2,63)=25.729,P,0.001. In contrast
to citalopram, imipramine data revealed an insignifi-
cant interaction.

4. Discussion

The present data provide behavioral support for the
neurochemical findings indicating that long-term treat-
ment with selected antidepressants modifies the function
of the NMDA receptor complex. Thus, 21 days of
administration of imipramine and citalopram as well as
8 days of electroconvulsive shocks diminished the ability
of the glycine/NMDA receptor antagonist, L-701,324 to
evoke an anxiolytic effect. Neither a single adminis-
tration of imipramine, nor the chronic administration of
a non-antidepressant neuroleptic drug, chlorpromazine,
mimicked the effect of chronic antidepressant treat-
ments. We observed that this effect is specific to
glycine/NMDA receptors since the anxiolytic response
to the benzodiazepine, chlordiazepoxide was unaffected
in mice treated chronically with imipramine. The speci-
ficity of the inhibitory effect of chronic treatment with
antidepressants on behavioral responses to the
glycine/NMDA receptor antagonist is further supported
by the fact that the long-term, but not short term treat-
ment with clinically effective antidepressants, including
citalopram, imipramine and ECS produce a similar
effect. This indicates both that the effect is specific to
the “antidepressive” actions, since clinical studies dem-
onstrate the “lagtime” of 2 to 3 weeks to the onset of
action of antidepressant drugs, and, eliminates the possi-
bility of an altered pharmacokinetics of L-701,324 via,
e.g., an induction or inhibition of metabolizing enzymes.

The elevated plus maze offers a reliable measure for
assessing the anxiety of laboratory animals. It is perhaps
the most widely used procedure to study anxiolytic
actions of drugs, and it is based on studying uncon-
ditioned, spontaneous behavior for review, see Rodgers
and Dalvi (1997). Under the high lighting and rigid scor-
ing conditions involving “four paws on the arm” cri-
terion used in the present elevated plus maze setup, the
percent of time spent on open arms by drug-free mice
was lower than generally reported in the literature,
describing mostly rat behavior. However, the magnitude
of this effect observed in the present experiments agrees
well with earlier observations in mice (Simon et al.,
1994; Trullas et al., 1991; Dalvi and Rodgers, 1996;

Fraser et al., 1996). Moreover, the increase in the percent
of time spent on open arms produced by L-701,324 was
dose-dependent and its magnitude was comparable with
that produced by 5 mg/kg of chlordiazepoxide.

The present experiments were stimulated by previous
neurochemical and molecular findings demonstrating
adaptive changes in NMDA receptor complex following
long-term administration of antidepressants. These neur-
ochemical and molecular observations, described in
detail in the Introduction section, suggest that chronic
treatment with antidepressants disrupts the allosteric
coupling between glycine and glutamate sites at the
NMDA receptor complex (Skolnick, 1999). It may be
hypothesized that disruption of the allosteric coupling
impairs the function of the NMDA receptor complex.
Such an impairment of NMDA receptors would be the
functional equivalent of treatment with an NMDA recep-
tor antagonist. Since NMDA receptor antagonists, as a
group, have antidepressant like qualities (Trullas and
Skolnick, 1990; Maj et al., 1991; Skolnick, 1999), these
observations altogether constitute the “glutamatergic
hypothesis” for the action of antidepressants (Skolnick
et al., 1996; Skolnick, 1999). Our findings appear to con-
firm this hypothesis and extend it to the functional,
behavioral level.

Previous studies in the rat (Pellow et al., 1985) dem-
onstrated no specific effect of antidepressants in the elev-
ated plus maze. In accordance with previous investi-
gations in mice (Lister, 1987; Cole and Rodgers, 1995)
we found that acute treatment with imipramine failed to
alter the indices of anxiety. Cole and Rodgers (1995)
demonstrated that chronic (15 days) imipramine treat-
ment did not affect the anxiety in the elevated plus maze
in DBA/2 mice. In contrast, Harro et al. (1997) reported
that in rats treated chronically with imipramine, the mea-
sures of anxiety in an elevated plus maze were
decreased, which agrees with our data (results of two
way ANOVA, data in Table 4 and Table 8). It remains
to be assessed whether the differences in experimental
protocol, the length of dosage, the species used or even
the strain of mice is the source of such inconsistent
results. As with the case of long-term treatment with
imipramine, 8 days of ECS appears to increase the “%
time spent on open arms”, however, 21 days of citalop-
ram injections appeared to produce no overall effect on
anxiety (results of two way ANOVA, data in Table 5
and Table 3, respectively). Based on these limited data
we can conclude that the reduction in anxiety, if signifi-
cant, is not a unique feature of treatment with antide-
pressants. Conversely, the long term treatment with
imipramine, citalopram and ECS appears to reduce the
sensitivity to the anxiolytic effect of glycine/NMDA
receptor antagonist and the resulting inability of glycine
to reverse it.

As mentioned in the Introduction section, in mice and
rats treated chronically with antidepressants, the potency
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of glycine (i.e., the agonist), to inhibit binding of
[3H]5,7-DCKA is reduced, but the specific binding of
[3H]5,7-DCKA (i.e., the antagonist) to these sites is
unchanged (Nowak et al., 1993; Paul et al. 1993, 1994).
These in vitro data indicate that the function of the
NMDA receptor complex is decreased when glycine
rather than a glycine/NMDA antagonist is used to probe
it. Our data presented in Table 9 are in some agreement
with these neurochemical findings. Thus, as determined
by two way ANOVA, the effects of citalopram and imip-
ramine on the magnitude of L-701,324 challenge
appeared marginally significant (P=0.08) and this effect
of L-701,324 could not be demonstrated with the use
of direct comparisons between antidepressant-pretreated
and placebo-pretreated mice. The only exception is cital-
opram, which decreased the magnitude of the L-701,324
challenge if the data are expressed as the percentage of
anxiolytic responses observed in placebo-challenged
mice. Such an “atypical” effect of citalopram may be
due to several reasons, including the fact that prolonged
treatment with this antidepressant results in a different
picture of neurochemical alterations, for example, its
ability to eliminate (rather than reduce, as is the case of
other antidepressants) the high affinity glycine-dis-
placeable [3H]CGP-39653 binding sites in the mouse
cortex (Nowak et al., 1998). On the other hand, our
behavioral data showing significant reduction of inhibi-
tory effect of glycine on the anxiolytic action of L-
701,324 (Table 9) complement earlier neurochemical
findings demonstrating diminished function of NMDA
receptor complex probed with glycine (Nowak et al.
1993, 1998; Paul et al. 1993, 1994).

In summary, the present results suggest that chronic
treatment with selected antidepressants reduces the anxi-
olytic effects of the glycine/NMDA antagonist, L-
701,324 resulting in the inability of glycine to reverse
them. These findings appear to indicate functional sub-
sensitivity of the glycine/NMDA sites and support the
neurochemical data indicating an involvement of NMDA
receptors in the mechanism of action of antidepressants.
Based on the reduction of the anxiolytic actions of L-
701,324, the functional effects of chronic treatment with
antidepressants on NMDA receptors are arguably more
profound than could be predicted from previous neuro-
chemical and molecular studies. This report supports the
hypothesis that NMDA receptors may be a final common
pathway in the action of antidepressants.
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