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Recent preclinical and clinical data indicate beneficial role of zinc in the
antidepressant treatment. To evaluate the mechanism of interaction between
zinc and antidepressants, in the present study we examined the brain zinc,
imipramine and desipramine concentrations in mice treated with combina-
tions of zinc and imipramine and subjected to the forced swim test. We have
chosen doses of zinc (10 mg/kg) and imipramine (15 mg/kg) which we have
previously found to be ineffective in the forced swim test when given alone.
However, when administered jointly, a significant reduction in the immobil-
ity time in this test was demonstrated. In the present study, we demonstrated
a significant ca. 60% reduction in the brain desipramine and non-significant
reduction (ca. 40%) in brain imipramine concentrations in the group of ani-
mals treated with zinc plus imipramine compared with animals treated with
imipramine alone. The brain zinc concentration in the zinc plus imipramine
group was reduced when compared with the group treated with zinc or imi-
pramine alone. Since there was no increase in brain imipramine/desipramine
or zinc brain concentration after combined zinc and imipramine treatment,
the data suggest that pharmacodynamic rather than pharmacokinetic interac-
tion between zinc and imipramine is responsible for behavioral effect in the
forced swim test.
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INTRODUCTION

Antidepressant therapy includes drugs with ex-
ceptional chemical structural variety, mostly affect-
ing uptake or metabolism of neurotransmitters-
monoamines. However, their efficacies are unsatis-
factory and they exert multiple unwanted side ef-
fects. Moreover, mechanism of action of antide-
pressants remains still not quite understood [4].
Thus, search for new, more efficacious and better tol-
erated drugs is in progress. In the past decade, there
was an explosion of promising research devoted to
examine the antidepressant activity of agents acting
on glutamate system. The findings clearly de-
scribed in review articles [18, 19, 21] indicate the
antidepressant-like activity of compounds which
reduce glutamatergic neurotransmission.

Zinc is a trace metal, which plays a fundamental
function in over 300 enzymes. Besides, it is a modu-
lator of central nervous and immune systems [2, 25].
Particularly, zinc is a potent inhibitor of the
NMDA/glutamatergic receptors [2, 3, 17, 25].

Zinc exhibits antidepressant-like activity in the
forced swim test, and olfactory bulbectomy, chro-
nic mild stress and chronic unpredictable stress rat
models of depression [6, 7, 9, 14–16, our unpub-
lished data]. Moreover, low, ineffective doses of
zinc administered together with low, ineffective
doses of antidepressants enhanced antidepressant-
like effect in forced swim test [6, 23]. Both, phar-
macokinetic and pharmacodynamic interaction be-
tween zinc and antidepressants might participate in
these enhancing effects.

To evaluate the pharmacokinetic interaction be-
tween zinc and imipramine, in the present study we
examined the brain zinc, imipramine and desi-
pramine concentrations in mice treated with combi-
nations of zinc and imipramine and subjected to the
forced swim test. The chosen doses of zinc
(10 mg/kg) and imipramine (15 mg/kg) are ineffec-
tive in the forced swim test when administered alone
[23]. When administered jointly, they significantly re-
duced the immobility time in this test by ca. 32%
[23].

MATERIALS and METHODS

All procedures were approved by the Ethics
Committee of the Institute of Pharmacology, Polish
Academy of Sciences, Kraków, Poland.

Forced swim test

The experiments were carried out on male Al-
bino Swiss mice (25–30 g). The animals were kept
under a normal day-night cycle with free access to
food and water. Each experimental group consisted
of 5–6 animals. The studies were carried out ac-
cording to the method of Porsolt et al. [20]. The
mice were dropped individually into a glass cylin-
der (height 25 cm, diameter 10 cm) containing
10 cm of water, maintained at 23–25°C and left in
the cylinder for 6 min. Then they were sacrificed
by decapitation, brains were removed, placed on
dry ice and stored at –70°C. Zinc hydroaspartate
(10 mg/kg) or/and imipramine 15 mg/kg or vehicle
(0.9% sodium chloride) were administered ip,
30 min before the test.

Imipramine and desipramine determination

Brain concentrations of imipramine and its me-
tabolite desipramine were assayed by HPLC ac-
cording to the method described by Szymura-
Oleksiak et al. [24] with a slight modification.
Shortly, the brains were homogenized in 0.1 M
phosphate buffered saline (PBS, 1:4 w/v). The 1 ml
of brain homogenate containing both compounds
was mixed with 20 �l of mianserin solution in
methanol (400 ng) as internal standard (IS). The
samples were alkalized with 200 �l 2M sodium hy-
droxide and extracted with 5 ml of ethyl acetate-
hexane-isoamyl alcohol (50:49:1 v/v/v). After cen-
trifugation (30 min, 1800 × g), the organic layer
was transferred to a new tube, then evaporated to
dryness at 37°C under a stream of nitrogen. The
residue was dissolved in 100 �l of mobile phase,
and 50 �l of this solution were injected into the
HPLC system.

The HPLC system (Thermo Separation Pro-
ducts, San Jose, CA, USA) consisted of a P100 iso-
cratic pump, a Rheodyne 7125 injector (Rheodyne,
Cotati, CA, USA) with a 50 �l sample loop,
a UV100 Variable-wavelength UV/VIS detector,
operating at 254 nm and a SP4400 (ChromJet) inte-
grator. All analyses were performed at ambient
temperature on a 250 mm × 4.6 mm Supelcosil LC
PCN column (Supelco Inc., Bellefonte, PA, USA)
with 5 �m particles, protected with a guard-column
(20 mm × 4.6 mm) with the same packing material.
The mobile phase was 50 mM potassium dihydro-
gen phosphate, pH 4.5 : acetonitrile (57:43 v/v) at
a flow rate of 1.0 ml/min. Imipramine hydrochlo-
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ride (IMI) and desipramine hydrochloride (DMI)
were purchased from Sigma-Aldrich (St. Louis,
MO, USA). All HPLC solvents and reagents were
obtained from Merck (Darmstadt, Germany).

Under these conditions, the approximate reten-
tion times (min) were: DMI – 13.26, and IMI –
15.06. The calibration curves were linear in the
tested concentration ranges, i.e. from 0.2 to 6 �g/g
for imipramine and from 0.1 to 3 �g/g for desi-
pramine. The assay was reproducible with low in-
tra- and inter-day variation (C.V. less than 10%)
and the recovery of both compounds ranged
60–70%.

Zinc determination

Apparatus

All experiments were carried out with an Elec-
trochemical Analyzer type M161 (MTM, Kraków,
Poland). The electrochemical cell consisted of
a Control Growth Mercury Drop Electrode (MTM,
Kraków, Poland) with a surface area of 1.2 mm� as
a working electrode used in hanging mercury drop
electrode mode (HMDE). An Ag/AgCl electrode
was used as the reference and a Pt wire as the auxil-
ilary. All glassware were soaked in 6 M nitric acid
and were rinsed several times with triple distilled
water.

The decomposition of brain samples was car-
ried out in Teflon vessels by microwave-assisted
mode in UniClever II microwave oven (Plazma-
tronika, Wroc³aw, Poland). All dilutions and sam-
ple preparations were made using triple distilled
water. A magnetic stirrer (ca. 600 rpm) was used
for convection of the solution during accumulation
and deaeration periods.

Reagents

Nitric acid 65% (Suprapur, Merck, Germany),
hydrogen peroxide 30% (A.C.S., Aldrich, Germany)
and perchloric acid 70% (Suprapur, Merck, Ger-
many) were used to decompose the samples in mi-
crowave oven. Potassium nitrate (1 M) was pre-
pared by dissolving an appropriate amount of the
salt (Suprapur, Merck, Germany) in triple distilled
water. Standard solution of zinc: 1 mg/ml prepared
by dissolution of the Zn “Specpure” Johnson Mat-
they grade in 30% hydrochloric acid (Suprapur,
Merck, Germany).

Microwave decomposition

Decomposition method has been chosen experi-
mentally. The best results were obtained with
a mixture of 5 ml of 65% nitric acid and 0.5 ml of
30% hydrogen peroxide. Conditions of microwave
decomposition : heating for 15 min at 130°C and
pressure 25 atm, coolling for 10 min. Under these
conditions, loss of analyte by volatilization or ad-
sorption onto walls of the vessel was negligible.

DPAS voltammetric procedure

The solution of the supporting electrolyte con-
taining 0.1 M potassium nitrate was prepared by
diluting 1 M potassium nitrate with triple distilled
water in electrochemical cell and adding 0.1 ml of
the test sample (total volume was 10 ml). The solu-
tion was deaereated with pure argon for 5 min and
a pretreatment procedure was applied (new drop,
anodic stripping preconcentration, 5 s equilibra-
tion). Quantitative measurements of zinc were per-
formed in acidic conditions, by the differential
pulse mode (DPV) using standard addition proce-
dure. All voltammograms were recorded in the
anodic direction from –1.05 V to – 0.78 V. Accu-
mulation was performed by applying E���= –1.05 V
for t���= 30 s with stirring and, after a resting period
of 5 s, the voltammograms were recorded in differ-
ential pulse mode with polarization in positive di-
rection up to – 0.78 V. The other experimental pa-
rameters were as follows: step potential E� = 2 mV,
pulse potential �E = –20 mV, scan rate v = 25 mV/s.
After each addition of a standard the solution was
deaereated for 2 min.

Data analysis and statistics

Group differences were assessed using ANOVA
(followed by Student-Newman-Keuls Multiple
Comparisons Test) or unpaired Student’s t-test.
Data were deemed significant when p < 0.05.

RESULTS and DISCUSSION

Recent studies have demonstrated the anti-
depressant-like activity of zinc salts in rodent
forced swim test [6, 7, 15, 21], a test with high pre-
dictivity of antidepressant action in human depres-
sion [1, 20]. Zinc is also active in the other anti-
depressant-screening tests, like tail suspension test
in mice [21]. Moreover, sub-threshold doses of zinc
administered together with imipramine or citalo-
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pram enhanced antidepressant-like effect in the
forced swim test [6, 21, 23]. Likewise, zinc is ac-
tive in olfactory bulbectomy, chronic mild stress
and chronic unpredictable stress animal models of
depression [15, 16, our unpublished data]. The
antidepressant-like activity of zinc in the forced
swim test or olfactory bulbectomy model is still
present after chronic treatment [15]. All these ani-
mal data strongly suggest possible antidepressant
activity of zinc in human depression. In fact, our
preliminary data indicate the palliative effect of
zinc supplementation on antidepressant therapy in
clinical unipolar depression [13].

To examine the nature of interaction between
zinc and antidepressants in enhancing the anti-
depressant-like effect in the forced swim test, we
have measured the brain concentration of imi-
pramine, its metabolite desipramine and zinc in
mice treated with zinc and imipramine and sub-
jected to forced swim test. The enhancement of the
antidepressant effect with the combined treatment
of zinc and antidepressant drugs [6, 23] may have
either a pharmacodynamic or pharmacokinetic basis.
As for the latter, this combined treatment may in-
volve simply an increase in antidepressant and/or
in zinc concentration. In the present study, we dem-
onstrated a significant ca. 60% reduction (Fig. 1) in
brain desipramine concentration in the group
treated with imipramine plus zinc compared with
animals treated with imipramine alone. Moreover,
there was a non-significant reduction (by 40%) in
brain concentration of imipramine after combined
zinc and imipramine treatment (Fig. 1). Also, when
concentrations of imipramine and desipramine
were summed, the reduction in the imipramine plus
zinc–treated group did not reach statistical signifi-
cance (Fig. 1). The brain zinc concentration in the
group receiving zinc plus imipramine was reduced
when compared with the group treated with zinc or
imipramine alone (Tab. 1). These data do not sup-
port the hypothesis assuming a potential for pharma-
cokinetic interaction. It must be stressed, however,
that there is not a straight relationship between brain
level of desipramine and the antidepressant-like ef-
fect of desipramine in the forced swim test [8].

Forced swim test reduced brain concentration
of zinc (by 12%), and this reduction was deepened
by all examined treatments (by 17–49%, Tab. 1). In
fact, while stress-induced brain zinc reduction was
demonstrated previously [5], the effects of these
various treatments are unexpected. This issue needs
further study regarding brain region specificity, es-
pecially in view of previously demonstrated anti-
depressant-induced brain zinc redistribution [12].

In the light of these data, the antidepressant-like
effect observed after joint administration of zinc
and imipramine is probably due to pharmacody-
namic factors. The mechanism of antidepressant
action of imipramine (desipramine) might involve
the induction of brain-derived neutrotrophic factor
(BDNF) pathway and/or further reduction of
NMDA/glutamate receptor function [18, 22]. Imi-
pramine and other classic antidepressants, induce
the above-mentioned effects via serotonergic/nora-
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Fig. 1. The effect of imipramine (IMI) and joint administration
of IMI and zinc (Zn) in forced swim test on brain IMI,
desipramine (DMI) and sum of IMI + DMI concentration in
mice. Data represent the mean ± SEM of 5–6 subjects per group.
*p < 0.05vs. appropriate alone IMI treatment (Student’s t-test)

Table 1. The effect of zinc (Zn), imipramine (IMI) and their
joint administration in the forced swim test (FST) on brain con-
centration of zinc in mice

Treatment Zn concentration (�g/g of tissue)

Naive 11.34 ± 0.15

Saline + FST 9.98 ± 0.08*

Zn + FST 8.33 ± 0.69���

IMI + FST 7.70 ± 0.26���

Zn + IMI + FST 5.06 ± 0.13�

Data represent the mean ± SEM of 5–6 animals per group.
ANOVA: F(4,21) = 52.546, p < 0.0001. *p < 0.01 vs. naive,
�p < 0.01 vs. saline + FST, �p < 0.01 vs. Zn + IMI + FST
(Student-Newman-Keuls Multiple Comparisons Test)



drenergic systems [22]. Zinc is a potent inhibitor of
the NMDA, group I metabotropic glutamate recep-
tors, and also is an enhancer of AMPA glutamate
receptor [14]. All these mechanisms result in the
reduced function of the NMDA receptor complex
[9, 14, 18, 22]. Moreover, our recent data demon-
strate that zinc induced expression of the cortical
BDNF mRNA in rats [10], the effect, which is com-
mon for most antidepressant treatments [14, 18,
22]. Thus, the pharmacodynamic interaction of
zinc and imipramine is likely based on the common
target(s) – BDNF/NMDA, achieved by a variety of
pathways [14, 18, 22].

Also, the influence of the rapid, stress-induced
receptor adaptation in pharmacodynamic interaction
must be taken into consideration. Such adaptation in
glycine site of the NMDA receptor complex was
demonstrated following the forced swim test [11].

The present data suggest that pharmacodynamic
rather than pharmacokinetic interaction between
zinc and imipramine is responsible for behavioral ef-
fect in forced swim test, however, the detailed
mechanism(s) of this interaction needs further study.
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