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Abstract:

Severe and prolonged stress but also long-term treatment with glucocorticoids (GCs) have been described to cause brain damage
(especially hippocampal and striatal neurons) in humans as well as in animals. GCs potentiate stress or ischemia-induced
accumulation of excitatory amino acids (EAA) in the extracellular space of the hippocampus. It was shown that EAA play a major
role in various neurologic disorders with cognitive dysfunction. Many authors suggested the neuroprotective effect of
N-methyl-D-aspartate (NMDA) glutamate receptor antagonists in some acute or chronic neurodegenerative diseases. On the other
hand, many NMDA receptor antagonists produce highly undesirable side-effects at the doses within their putative therapeutic range.
The aim of the present study was to evaluate the behavioral effects (memory performance, motor coordination, lethality and body
weight) of MK-801 or memantine (MEMAN, non-competitive NMDA receptor antagonists) (at the doses of 25 and 50 �g/kg/day or
2.5 and 5.0 mg/kg/day, respectively) on neurotoxicity induced by dexamethasone (DEX) administered chronically at the doses of
40 or 80 mg/kg/day in mice. It was shown that prolonged treatment (for 10 days) with DEX at the dose of 80 mg/kg/day (but not at
40 mg/kg/day) significantly decreased the retention time in the memory task in mice and impaired the motor coordination in
“chimney” test. Neither MK-801 nor MEMAN (at the both doses used) were able to counteract the behavioral impairment induced
by DEX administration. Moreover, the potentiation of the body weight reduction and lethality induced by DEX were noted in mice
co-treated with MK-801 or MEMAN. The above findings suggest that MK-801 or MEMAN at the doses used have no
neuroprotective effect. On the contrary, both NMDA receptor antagonists potentiate the toxicity of DEX given chronically.
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Introduction

There are many reports that hypersecrection of gluco-
corticosteroids (GCs) occurs in several human pa-
thologies, including Huntington’s disease, dementia
of Alzheimer’s type, depression or psychosis [4, 23,
25, 41]. On the other hand, Cushing’s syndrome pa-

tients with chronic hypercortisolemia frequently suf-
fer from depression or mania [4, 25].

Elevated levels of endogenous GCs can damage the
brain [4, 19, 25, 35], especially the hippocampus
which plays an important role in memory, mood and
behavior [4, 19, 30, 41]. The hippocampus has the
highest concentration of GC receptors and is espe-
cially vulnerable to dysfunction and degeneration in
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disorders of old age, including Alzheimer’s disease
and depression and it is very sensitive to many types
of neurological insults, such as seizures, antimetabo-
lite exposure, hypoxia-ischemia and exposure to vari-
ous neurotoxins [1, 15].

Chronic stress- or prolonged exposure to high lev-

els of corticosterone induces neuropathological altera-

tions, such as dendritic atrophy in the hippocampal or

striatal neurons [4, 19, 28, 40].
GCs potentiate stress- or ischemia-induced accumu-

lation of excitatory amino acids (EAA) in the extra-

cellular space of the hippocampus [5, 17]. It was

shown that EAA play a major role in various neurode-

generative diseases [11, 13, 16] and schizophrenia

with its cognitive dysfunction [20].
A similar alteration was also noted following the

administration of dexamethasone (DEX, a synthetic

GC receptor agonist) which induces mood disorders

including psychosis in some patients [23, 25].
Recently, increasing evidence suggests the detri-

mental effects of DEX observed after the acute or pro-

longed administration of this drug. Sustained expo-

sure to DEX evoked neuronal death in layer CA3 of

the hippocampus and also enhanced necrotic death of

C6 glioma cells in rats [19, 28, 36, 37]. Moreover,

DEX aggravates ischemic neuronal damage by caus-

ing glutamate to accumulate in the extracellular space

[5] or by increasing of glutamate release, decreasing

its uptake and up-regulation of glutamate receptor ex-

pression [15].
The excitatory neurotransmitter glutamate has been

pathogenetically linked to cell death in acute neurode-

generative disorders in humans such as stroke or trau-

matic brain injury [21, 22].
Many authors suggest the neuroprotective effect of

N-methyl-D-aspartate (NMDA) glutamate receptor

antagonists in some acute or chronic neurodegenera-

tive diseases, such as Parkinson’s disease, in the other

neurogenic motor diseases and cerebrovascular and

gerontopsychiatric diseases [7, 8, 33] or after trau-

matic brain injury or cerebral ischemia [2, 34].
The purpose of the present research was an assess-

ment of the neuroprotective effect of NMDA receptor

antagonists on neurotoxicity induced by DEX. To this

end, the behavioral effects of the chronic treatment

with DEX alone or combined with NMDA antago-

nists (MK-801 or memantine) were studied in Albino

mice.

Materials and Methods

All procedures were conducted according to NIH
Animal Care and Use Committee guidelines, and ap-
proved by the Ethics Committee of Medical Univer-
sity of Lublin.

Male Albino Swiss mice (initial weight 22–26 g)
were used in the experiments. They were housed
12–15 per a cage at a temperature of 20°C ± 2°C un-
der natural light-dark cycle. The animals were al-
lowed free access to standard laboratory feed (LSM,
Motycz, Poland) and tap water. All procedures were
performed between 8.00 and 14.00 h.

Drugs

The following drugs used were: dexamethasone
(DEX, Jelfa, Poland), (+)-MK-801 (dizocilpine), me-
mantine (both from Sigma, USA). MK-801 or me-
mantine were dissolved in distilled water and injected
30 min before DEX administered as commercially
available solution for injection (Dexaven). All the
drugs were injected intraperitoneally (ip) during
10 days for assessing the behavior in “chimney” test
or passive avoidance acquisition and retention testing
or twenty days for recording the body weight or
lethality. The behavioral tests were performed 24 or
48 h after the last injection of DEX.

“Chimney” test

The effects of the chronic treatment with DEX alone
or combined with NMDA antagonists on motor per-
formance were evaluated with the “chimney” test [3].
The animals had to climb backwards up a plastic tube
(3 cm inner diameter, 25 cm length). Motor impair-
ment was indicated by the inability of mice to climb
backwards up the tube within 60 s. The mice were
pretrained 24 h before the treatment and those unable
to perform the test were rejected from experimental
groups (groups consisted of 11–15 animals).

Passive avoidance acquisition and retention testing

The step-through passive avoidance task is regarded
as a measure of long-term memory acquisition [39].
The mice were placed in an illuminated box (10 × 13
× 15 cm) connected to a larger (25 × 20 × 15 cm) dark
compartment equipped with an electric grid floor. In
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this test, entry into the dark compartment was pun-
ished by an electric footshock (0.6 mA for 2 s) for fa-
cilitation of acquisition. The mice that did not enter
the dark compartment within 60 s were excluded from
the experiment. On the following day (24 h later), the
same animals were again placed in the illuminated
box and those avoiding the dark compartment for
longer than 180 s were regarded as remembering the
task. Retention was evaluated as the mean time (in
seconds) required to enter the dark compartment.

Body weight and lethality

Body weight and lethality were controlled every day
of the experiment. The number of dead mice was re-
corded during the experiment and for 2 weeks after
withdrawal of the drugs.

Statistics

The results of the experiments are expressed as the
mean ± SEM. The data of behavioral tests were ana-
lyzed by Kruskal-Wallis nonparametric ANOVA and
Dunn’s post test, while body weight data were as-
sessed by one-way analysis of variance (ANOVA)
and Tukey-Kramer post test, and lethality with Fi-
sher’s Exact Test for 2 × 2.

Results

The effect of prolonged treatment with NMDA

receptor antagonists on the motor co-

ordination impaired by DEX

DEX given for 10 days (80 mg/kg/day) significantly
prolonged the time of climbing in the “chimney” test
by about 100% (nonparametric ANOVA: KW = 12.326,
p < 0.03) (Fig. 1).

Neither MK-801 (25 or 50 �g/kg/day) nor meman-
tine (2.5 or 5.0 mg/kg/day) given alone changed the
time of climbing (data not shown). None of NMDA
receptor antagonists influenced the effect of DEX
(80 mg/kg/day) in the “chimney” test (Fig. 1).

DEX given for 10 days at the dose of 40 mg/kg/day
alone or in combination with MK-801 or memantine
had no effect on the time of climbing (results not
shown).

The effect of prolonged treatment with NMDA

receptor antagonists on the long-term memory

acquisition impaired by DEX

DEX given for 10 days (80 mg/kg/day) significantly
decreased the retention time of mice in the memory
task by about 40% (nonparametric ANOVA: KW
= 16.456, p < 0.005) (Tab. 1).

MK-801 (25 or 50 �g/kg/day) or memantine (2.5 or
5.0 mg/kg/day) did not change the memory acquisi-
tion impaired by DEX (80 mg/kg/day) (Tab. 1).

In control mice, neither MK-801 (25 or 50 �g/kg/day)
nor memantine (2.5 or 5.0 mg/kg/day) given alone in-
fluenced the retention time (data not shown).
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Tab. 1. The effect of the prolonged treatment with NMDA receptor an-
tagonists on the long-term memory aquisition impaired by DEX

Drugs (dose/day) Retention time (s), means ± SEM

Vehicle 164.2 ± 7.81

DEX 98.84 ± 4.11�

MK-801 25 �g/kg + DEX 115.37 ± 24.3

MK-801 50 �g/kg + DEX 130.33 ± 14.78

MEMAN 2.5 mg/kg + DEX 135.63 ± 16.15

MEMAN 5.0 mg/kg + DEX 117.54 ± 18.60

Dexamethasone (DEX, 80 mg/kg/day) was administered for 10 days,
the last dose was given 48 h before the test. MK-801 or memantine
(MEMAN) were given every day 30 min before DEX. �p < 0.01 vs.

vehicle (Dunn’s multiple comparisons test), N = 8–15
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Fig. 1. The effect of prolonged treatment with NMDA receptor antago-
nists on the motor coordination impaired by dexamethasone (DEX).
MK-801 or memantine (MEMAN) were injected once daily, for 10 days,
30 min before DEX (80 mg/kg/day), the last doses were given 24 h
before the test. �p < 0.05 vs. vehicle (Dunn’s multiple comparison
test); N = 11–15



DEX given for 10 days at the dose of 40 mg/kg/day
alone or in combination with MK-801 or memantine
did not change the long-term memory acquisition (re-
sults not shown).

The effect of prolonged treatment with NMDA

receptor antagonists on the DEX-induced lethality

DEX given at the dose of 80 mg/kg/day evoked incon-
siderable mortality in mice (3/15) during the 20 days of
the experiment and 2 weeks after withdrawal of the
drug (Tab. 2).

MK-801 (25 or 50 �g/kg/day) very significantly
potentiated the DEX (80 mg/kg/day) lethality in mice

during 20 days of the experiment when 100% (15/15)
of mice died (Tab. 2).

Similarly, memantine (2.5 or 5.0 mg/kg/day) con-
siderably increased the DEX (80 mg/kg/day) lethality
in mice during 20 days of the experiment and 2 weeks
after withdrawal of the drugs (10/15) (Tab. 2).

DEX given alone at the dose of 40 mg/kg/day did not
evoke the mortality of mice during 20 days of the experi-
ment and 2 weeks after withdrawal of the drug (Tab. 3).

Neither MK-801 (25 or 50 �g/kg/day) nor meman-
tine (2.5 or 5.0 mg/kg/day) administered for 20 days
alone induced the mortality of mice (data not shown).

MK-801 at the dose of 50 �g/kg/day (but not
25 �g/kg/day) combined with DEX (40 mg/kg/day)
significantly potentiated the DEX lethality in mice
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Tab. 2. The effect of the prolonged treatment with NMDA receptor antagonists on the DEX (80 mg/kg/day) lethality

Drugs (dose/day) The number of dead mice/total number of mice

Days of experiment Weeks after withdrawal of drugs

5 10 15 20 1 2

Vehicle 0/15 0/15 0/15 0/15 0/15 0/15

DEX 80 mg/kg 0/15 0/15 1/15 3/15 3/15 3/15

MK-801 25 �g/kg + DEX 80 mg/kg 0/15 6/15a 10/15b 15/15c – –

MK-801 50 �g/kg + DEX 80 mg/kg 0/15 3/15 9/15b 13/15c 13/15c 15/15c

MEMAN 2.5 mg/kg + DEX 80 mg/kg 0/15 4/15a 6/15a 10/15b 10/15b 10/15b

MEMAN 5.0 mg/kg + DEX 80 mg/kg 0/15 2/15 6/15a 9/15b 10/15b 10/15b

Dexamethasone (DEX) was administered for 20 days. MK-801 or memantine (MEMAN) were given every day, 30 min before DEX. �p < 0.01,
�p < 0.001, �p < 0.0006 vs. DEX alone. Fisher’s Exact Test for 2 x 2. N = 15

Tab. 3. The effect of the prolonged treatment with NMDA receptor antagonists on the DEX (40 mg/kg/day) lethality

Drugs (dose/day) The number of dead mice/total number of mice

Days of experiment Weeks after withdrawal of drugs

5 10 15 20 1 2

Vehicle 0/12 0/12 0/12 0/12 0/12 0/12

DEX 40 mg/kg 0/12 0/12 0/12 0/12 0/12 0/12

MK-801 25 �g/kg + DEX 40 mg/kg 1/12 2/12 3/12 3/12 3/12 3/12

MK-801 50 �g/kg + DEX 40 mg/kg 0/12 2/12 3/12 3/12 10/12� 11/12�

MEMAN 2.5 mg/kg + DEX 40 mg/kg 0/12 0/12 0/12 5/12� 8/12� 8/12�

MEMAN 5.0 mg/kg + DEX 40 mg/kg 0/12 1/12 3/12 5/12� 6/12� 7/12�

Dexamethasone (DEX) was administered for 20 days. MK-801 or memantine (MEMAN) were given every day 30 min before DEX.
�
p < 0.01,

�
p < 0.001 vs. DEX alone. Fisher’s Exact Test for 2 x 2. N = 12



when recorded 1 or 2 weeks after withdrawal of the
drugs (11/12) (Tab. 3).

Similarly, memantine (2.5 or 5.0 mg/kg/day) given
in combination with DEX (40 mg/kg/day) induced
significant DEX lethality in mice beginning from 20
days of administration (5/12) and 1 or 2 weeks after
withdrawal of the drugs (6–8/12) (Tab. 3).

The effect of prolonged treatment with NMDA

receptor antagonists on DEX-induced reduc-

tion of the body weight gain in mice

In control mice after 15 and 20 days of observation,
the increase in the body weight by about 18% of ini-
tial body weight was noted (ANOVA: F(4.70) = 7.114,
p < 0.0001) (Fig. 2).

Neither MK-801 (25 or 50 �g/kg/day) nor meman-
tine (2.5 or 5.0 mg/kg/day) given alone modified the
body weight of mice in comparison with the control
group (Fig. 2).

DEX given alone at the dose of 80 mg/kg/day for
20 days significantly decreased the body weight of
mice by about 10% of initial body weight (ANOVA:
F(4,66) = 3.102, p < 0.02). The body weight of DEX-
treated mice was significantly diminished also in
comparison with the control group: by about 15% af-

ter 5 days (ANOVA: F(5.84) = 6.501, p < 0.0001), by
17% for 10 days [F(5.69) = 8.234, p < 0.0001], by 20%
for 15 days [F(5.52) = 118.971, p < 0.0001], and by
25% for 20 days [F(3.33) = 18.740, p < 0.0001] (Fig. 2).

MK-801 (25 or 50 �g/kg/day) or memantine (2.5 or
5.0 mg/kg/day) co-administered with DEX signifi-
cantly reduced the body weight (by about 13–25 %) in
comparison with the initial body weight (ANOVA for
MK-801 at the dose of 25 �g/kg/day: F(3,40) = 18.202,
p < 0.0001 or at the dose of 50 �g/kg/day: F(3,44)
= 17.986, p < 0.0001; ANOVA for memantine at the
dose of 2.5 mg/kg/day: F(4,50) = 14.750, p < 0.0001
or at the dose of 5.0 mg/kg/day: F(4,53) = 7.710,
p < 0.0001) (Fig. 2).

Moreover, memantine (2.5 mg/kg/day) or MK-801
(25 �g/kg/day) given concomitantly with DEX sig-
nificantly potentiated the reduction of body weight
during the last 5 days in comparison with DEX- alone-
treated mice: by about 18–22% after 15 days [ANOVA:
F(5,52) = 18.971, p < 0.0001] or by about 22% after 20
days [F(3,33) = 18.740, p < 0.0001] (Fig. 2).

Similarly, DEX at the dose of 40 mg/kg/day admin-
istered alone for 20 days or in combination with MK-
801 or memantine induced changes in the body
weight like DEX at the higher (80 mg/kg/day) dose
(results not shown).
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Fig. 2. The effect of prolonged treatment with NMDA receptor antagonists on dexamethasone (DEX)-induced reduction of the body weight gain
in mice. The drugs were administered once daily for 20 days. MK-801 or memantine (MEMAN) were injected 30 min before DEX. �p < 0.05,
�p < 0.001 vs. vehicle, �p < 0.05 vs. DEX. One-way analysis of variance (ANOVA) and Tukey-Kramer post test. N = 11–15



Discussion

The results of this study indicate that prolonged (for
10 days) administration of DEX at the dose of
80 mg/kg/day (but not 40 mg/kg/day) significantly de-
creased the retention time of mice in the memory task
and impaired the motor coordination in “chimney”
test. Neither MK-801 nor memantine (at the both
doses used) were able to influence the behavioral im-
pairment induced by DEX administration. Moreover,
the potentiation of the body weight reduction by DEX
and its lethality were noted in mice co-treated with
MK-801 or memantine. Thus, we have not observed
any neuroprotective effect induced by NMDA recep-
tor antagonists on neurotoxicity induced by DEX. On
the contrary, the potentiation of the toxic activity of
DEX was observed.

The results of other authors indicate that GCs im-
pair the spatial memory in rats [9, 10]. It was also
shown that several days of exposure to cortisol at
doses causing plasma concentrations associated with
physical and psychological stress in human, can re-
versibly decrease specific elements of memory per-
formance in otherwise healthy humans [24, 30, 41,
42]. Moreover, this association between memory per-
formance and plasma cortisol concentrations was
shown in patients with Cushing’s syndrome, dementia
of Alzheimer’s type, schizophrenia or depression [4,
24, 41]. Observation that the decrease in memory per-
formance was caused only by cortisol treatment re-
sembling moderate to maximal stress levels (not mild
stress) suggests that cortisol-induced memory impair-
ment may not occur in most individuals under mildly
stressful circumstances [9, 10, 30].

In our study, the disturbance of memory and im-
pairment of motor coordination were evident only in
mice treated chronically with DEX at the higher dose
(80 mg/kg/day).

The previous studies of our and other research
groups have shown that DEX administered at a single
dose or after prolonged treatment reduced locomotor
activity of rats [6, 14, 19].

The apparent association between neurologic dis-
turbance, memory performance and circulating levels
of adrenal corticosteroids was investigated in many
histologic and morphologic studies of the brain. Glu-
cocorticoids are known to be toxic to pyramidal neu-
rons of the hippocampus, particularly in the CA3 sub-

field [19, 28, 36, 37] and in the striatum [18, 19, 27],
what may be a cause of many neurologic disorders.

In the past years, neuroprotective effect of NMDA
glutamate receptor antagonists, especially memantine,
has been well demonstrated, and results of the trials of
treatment with this drug in different neurologic disor-
ders in human were reported [7, 8, 29, 33].

On the other hand, there is evidence that NMDA
receptor antagonists induce significant psychotomi-
metic side effects and neurologic disturbances, such
as ataxia or increase in muscle tone [12, 26, 43].
Moreover, neuronal alterations (vacuolization and
dead neurons) in the cingulate retrosplenial cortex are
seen in rodents after application of the high doses of
some NMDA receptor antagonists [12, 21, 22, 33]. It
has also been shown that MK-801 administered ip in
rats induced prolonged inhibition of NMDA recep-
tors, leading to pyramidal cell death [32]. Another
study has indicated the neuronal apoptosis of poste-
rior cingulate and retrosplenial cortex in rats induced
by low sc dose (0.2 to 0.5 mg/kg) of MK-801, but
higher doses can cause a neuron necrotizing reaction
in several neocortical or limbic brain regions [31].
With regard to memantine, a single doses of this drug
induced heat shock protein HSP 70 in the posterior
cingulate cortex, retrospenial cortex and dentate gyrus
of rat brain [38]. However, vacuolization and dead
neurons were not found in these brain structures after
memantine (20 mg/kg), whereas (+)MK-801 (1 mg/kg)
produced moderate to prominent vacuolization [33].

It has been also demonstrated that acute admini-
stration of the high dose (80 mg/kg) of phencyclidine
(PCP) (a non-competitive NMDA receptor antago-
nist) to rats induced death of striatopallidal neurons
[27] and these toxic effects are reported to be limited
to parts of the limbic cortex, in particular the ret-
rosplenial cortex though Purkinje cells in the cerebel-
lum are also vulnerable [27]. Chronic administration
of PCP can cause damage to the hippocampus. MK-
801, a more potent non-competitive NMDA antago-
nist, shows a similar profile of toxic effects [18].

It was also shown that acute administration of DEX
induced apoptic-like changes in a number of striatal
cells similar to its toxic effect on the hippocampal
neurons [27]. Moreover, injection of DEX signifi-
cantly potentiated the striatal apoptosis induced by
PCP and the majority of striatal cell undergoing apop-
tosis were located within dorsomedial striatum, which
has been considered to have a purely motor function.
Dysfunction of this structure is responsible for the
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movements seen in Parkinson’s or Huntington’s dis-
eases [27].

On the other hand, it has been shown that MK-801
and memantine (at the doses of 0.3 mg/kg/day and 24
mg/kg/day, respectively) administered for 28 days did
not affect survival of neurons in the striatum and neu-
rologic effects, but in rats exposed to the mitochon-
drial toxin, 3-nitropropionate (3NP), these NMDA re-
ceptor antagonists enhanced loss of neuronal density
in the striatum [22].

Ikonomidou et al. [22] have observed also worsen-
ing of neurologic impairment (motor disturbances
such as unsteady gait, ataxia, increase in muscle tone)
and increased mortality after chronic (28 days) treat-
ment with MK-801 or memantine and 3NP as com-
pared with 3NP and vehicle. They revealed that NMDA
receptor antagonists might increase neurodegeneration
in mature brain undergoing slowly progressing neurode-
generation, whereas blockade of the action of glutamate
at AMPA receptors might be neuroprotective. It has
been demostrated that progressive neurodegeneration in
the basal ganglia induced by 3NP or in the hippocampus
by traumatic brain injury is enhanced by NMDA recep-
tor antagonists but ameliorated by AMPA receptor an-
tagonists. These observations are valid for humans
when clinical trials have failed to identify neuropro-
tective effects of NMDA antagonists [22].

In our study, we have observed the potentiation of
mortality induced by DEX in mice pretreated with
MK-801 or memantine at both used doses.

It has been reported previously that DEX-induced
apoptosis of the subpopulation of striatopallidal neu-
rons is virtually identical to that killed by NMDA re-
ceptor antagonist PCP [27]. Thus, the authors suggest
that PCP could induce striatal cells death via a corti-
costeroid-dependent mechanism [27]. It was sup-
ported by the observation, that co-injection of the corti-
costeroid receptor antagonist, RU 38486, markedly at-
tenuated the levels of PCP-induced striatal cell death [18].

The above findings suggest the important associa-
tion between glutamate and glucocorticoids. The hy-
pofunction of NMDA glutamate receptors may evoke
higher vulnerability of different regions of the brain
(especially hippocampus or striatum) to DEX or other
glucocorticoids, which leads to neuronal injury with
cognitive and motor dysfunction. In our study, the
treatment with NMDA receptor antagonists potenti-
ated the toxicity of DEX.

Further studies are needed to explain the mecha-
nism of the observed interaction between DEX and
NMDA receptor antagonists.
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