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Recent preclinical data have suggested that glutamate NMDA receptor
may be involved in the mechanism of action of antidepressant treatments.
Functional antagonists of the NMDA receptor complex exhibit an antide-
pressant-like effect in animal tests that predict antidepressant activity and in
animal models of depression. Zinc, a very potent inhibitor of the NMDA re-
ceptor, is active in the forced swimming test in rats and mice. The present
study investigated the interaction of zinc with antidepressants in the forced
swimming test in mice. Mice were injected with imipramine or citalopram
alone and in combination with zinc. Low, ineffective per se doses of imi-
pramine and citalopram administered together with low, ineffective doses of
zinc were active in this test. The present data support the notion that inhibi-
tion of the NMDA receptor participates in an antidepressant action, and fur-
ther demonstrate particular role of zinc in this activity.
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INTRODUCTION

Over 300 enzymes require zinc for their func-
tions. This ion plays catalytic, coactive and struc-
tural roles in these enzymes. Zinc is necessary for
DNA replication, transcription and protein synthesis.
Zinc acts also as a modulator in the central nervous
system. The main effect of zinc is connected with
its action on glutamate receptors. Zinc is a very po-
tent inhibitor of the NMDA receptor complex. Zinc
attenuates activation of the NMDA receptors at
concentrations ranging between 10–100 �M [1, 23].
Two mechanisms may be involved in the NMDA
receptor inhibition: a high-affinity voltage-inde-
pendent and low-affinity voltage-dependent me-
chanism [2]. Alterations in brain zinc homeostasis
are associated with behavioral disturbances, such
as anorexia, dysphoria, impaired learning and cog-
nitive function and with some neurological disor-
ders (e.g. epilepsy, Alzheimer’s disease) [23] and
furthermore, they are implicated in the mechanism
of pathophysiology and therapy of depression [8].
Clinical observations demonstrated a reduced blood
zinc level in the depressed patients [5, 7, 13]. This
reduced level was normalized only after successful
antidepressant therapy [18]. Chronic antidepressant
treatment elevates (“redistributes”) zinc concentra-
tion in the rat hippocampus [11, 25]. Chronic treat-
ment with imipramine increases the potency of zinc
to inhibit the NMDA receptor activity ([�H]MK-801
binding to NMDA ionophore) in the mouse cere-
bral cortex [22]. Both these alterations may lead to
a reduction in the activity of the NMDA receptor
complex. Zinc is active in the forced swimming
test, commonly used for evaluation of antidepres-
sant activity [3, 4]. Moreover, zinc exhibits anti-
depressant-like effects in animal models of depres-
sion, such as chronic mild stress and olfactory bul-
bectomy models of depression (our unpublished
data). In this study, we used the forced swimming
test in mice to investigate whether zinc influences
the antidepressant effects of two antidepressant
drugs: tricyclic antidepressant imipramine (IMI)
and selective serotonin reuptake inhibitor citalo-
pram (CIT). We also studied the effects of combi-
ned administration of zinc and IMI or CIT on spon-
taneous locomotor activity in mice.

MATERIALS and METHODS

All procedures were conducted according to
NIH Animal Care and Use Committee guidelines,

and were approved by the Ethics Committee of the
Institute of Pharmacology, Kraków. The experi-
ments were carried out on male Albino Swiss mice
(25–30 g). The animals were kept under a natural
day–night cycle with free access to food and water.
Each experimental group consisted of 9–11 ani-
mals. Zinc hydroaspartate (Farmapol, Poland), imi-
pramine hydrochloride (Polfa, Poland) and citalo-
pram hydrobromide (Lundbeck, Denmark) were
administered ip 1 h before the test. Control animals
received vehicle (saline).

Forced swimming test

The studies were carried out according to the
method of Porsolt et al. [17]. Mice were dropped
individually into glass cylinders (height 25 cm,
diameter 10 cm) filled with water to a height of
10 cm, (maintained at 23–25°C), and left there for
6 min. The immobility time was measured during
the last 4 min of the 6-min testing period. Mice
were judged to be immobile when they remained
floating passively in the water.

Locomotor activity

Locomotor activity was measured using photo-
resistor actometers (circular cages, 25 cm in diame-
ter, two light sources, and two photoresistors). The
animals were placed individually in an actometer
for 10 min. Activity was measured at 5-min inter-
vals to characterize dynamics of changes. The
number of light beams crossed by an animal was
recorded as the locomotor activity.

Data analysis

The obtained data were evaluated by the one-
way analysis of variance (ANOVA), followed by
Dunnett’s multiple comparisons test; p < 0.05 was
considered significant.

RESULTS

Zinc hydroaspartate at doses of 5, 10, 15 and 30
mg/kg (0.9, 1.8, 2.7, 5.3 mg of Zn/kg, respectively)
was tested in the forced swimming test in mice and
in the locomotor activity test. Zinc significantly re-
duced the immobility time in the forced swimming
test at the dose of 30 mg/kg and had no effect at
doses of 5, 10 and 15 mg/kg (Tab. 1). Therefore,
the doses of 5, 10 and 15 mg/kg were chosen for
use in the studies of interaction of antidepressants
with zinc.

682 ���� �� ����	�
���� ��� ��� �������

	
 �������� �
 	������� �
�
 ���������� �
 �������� �
 ����� �
 ����



�� �� !� ����
� �� ���
 ��	����������� �� ��� �		������� ��	� ��

��� ���
�� ���		�� ���� �� 	�
�

!�	"�#�� $��� %	 &' ( )		������� ��	� %�(

*���
�� � ����� + ,�,

-��
 �������"������ , ����� + ����.

-��
 �������"������ �� ���/ + ��0

-��
 �������"������ � ���� + ,�,

-��
 �������"������ � ���� + ���

-��
 %���
 �������"������( ��� ��	��������� � � ������ ��� �����

1�� 2��#�� ��"������ 	���� + 3�4 %� 5 0��� 	�
� "��  ��#"(�

678*69 : %����( 5 ����� " ; ��� . " ; �� 2���#� ��� 
��<

���� 2���
��<�������  ��#"

The effects of combined administration of IMI
and zinc on total duration of immobility in mice are
shown in Table 2. Three different doses of zinc
given with IMI (IMI 15/Zn10, IMI 10/Zn 10 and
IMI 5/Zn 5 mg/kg) induced statistically significant
reduction of the immobility time in mice. The com-
bination of IMI 5/Zn 2 mg/kg was ineffective in
this test. IMI administered alone at the dose of 30
mg/kg reduced the immobility time in mice but at
the dose of 15 mg/kg, it had no effect in the forced
swimming test.
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The effects of combined administration of IMI
and zinc on spontaneous locomotor activity in mice
are shown in Table 4. Combined administration of
zinc with IMI at doses of IMI 15/Zn10, IMI 10/Zn

10 and IMI 5/Zn 5 mg/kg had no effect on the loco-
motor activity in mice.

The effects of combined administration of CIT
and zinc on total duration of immobility in mice are
shown in Table 3. Zinc (15 mg/kg and 10 mg/kg)
injected in combination with CIT (15 mg/kg) sig-
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nificantly reduced the immobility time in mice.
Lower doses of zinc and CIT (CIT 10/Zn 10 mg/kg
and CIT 5/Zn 5 mg/kg) were ineffective in this test.
CIT given alone at the dose of 30 mg/kg reduced
the immobility time in mice but at the dose of 15
mg/kg, it had no effect.

The effects of combined administration of CIT
and zinc on spontaneous locomotor activity in mice
are shown in Table 4. The joint administration of
CIT and zinc at doses of CIT 15/Zn 15 and CIT
15/Zn 10 had no effect on the locomotor activity in
mice.

DISCUSSION

Recent preclinical data have suggested that glu-
tamate NMDA receptor may be implicated in the
mechanism of antidepressant treatments [19, 20, 21].
Chronic administration of a wide range of clinically
effective antidepressants produced a significant re-
duction in the potency of glycine to inhibit the
[�H]5,7-dichlorokynurenic acid binding to glycine
receptors. Also such chronic treatment with antide-
pressants caused a decrease in the proportion of
high-affinity glycine-displaceable glutamate sites
labeled with the NMDA antagonist [�H]CGP-39653
[9, 10, 12, 14, 15]. These biochemical findings were
confirmed in behavioral tests showing antidepres-
sant-induced subsensitivity of glycine/NMDA re-
ceptor [16]. Several studies have demonstrated that
NMDA antagonists exhibit antidepressant-like ac-
tions in animal tests and models, and that combined
administration of NMDA antagonists with antide-
pressants has a synergistic effect [6, 20, 21, 24].
This interaction between NMDA receptor ligands
and antidepressants suggests possible role of gluta-
matergic system in the mechanism of antidepres-
sant action.

We have demonstrated previously that zinc,
a very potent inhibitor of the NMDA receptor com-
plex, exhibits an antidepressant-like effect in the
forced swimming test in rats and mice, when given
at the dose of 30 mg/kg (6.8 mg of zinc) as zinc sul-
fate [3, 4]. In the present study, we demonstrate the
effect of zinc hydroaspartate in the forced swim-
ming test in mice.

Our data indicate that zinc administered once at
the dose of 30 mg/kg reduces the immobility time
of mice in the forced swimming test, while lower
doses (15, 10, 5 mg/kg) are inactive. Concurrently,
the dose of 30 mg/kg reduced the locomotor activ-

ity in mice. When zinc doses ineffective per se are
given jointly with IMI also at ineffective doses,
a potent reduction in the immobility time is ob-
served. Similarly, joint administration of CIT and
zinc (both at inactive doses) reduces the immobility
time in the Porsolt’s test. Since these treatments
(both IMI or CIT plus zinc) do not affect locomotor
activity, the results indicate potentiation of antide-
pressant-like activity by such combined treatments.

These results confirmed that zinc produced an
antidepressant-like effect and demonstrated a zinc-
induced enhancement of the antidepressant effect
of IMI and CIT in the Porsolt’s test without stimu-
lation of locomotor activity. Similarly, previous data,
e.g. of Trullas and Skolnick [24] and Maj et al. [6],
demonstrated that the blockade of the NMDA re-
ceptor produced antidepressant-like action and en-
hanced the effect of antidepressant drugs (for re-
view see [20]).

The present data support the notion that inhibi-
tion of the NMDA receptor participates in an anti-
depressant action, and further demonstrate particu-
lar role of zinc in this activity.
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