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Abstract:

Background: Recently, experimental zinc deficiency has been correlated with depression-like alterations in rodents.

Methods: In the first part of present study, the time course of zinc deficient diet induced alterations in the tail suspension test (TST)

in mice was investigated. In the second part, the effect of imipramine and escitalopram in control and zinc-deprived for 3 weeks mice

was examined in the TST.

Results: A 4- and 10-week administration of a Zn-deficient diet enhanced the immobility time in the TST (by 20% and 57%, respec-

tively). By contrast, a 2-week period of a zinc deficient diet effected the reduction (by 24%) of the immobility time. Moreover,

a 2- and 4-week (but not 10-week) of a Zn-deficient diet resulted in the reduction of the body weight (by 37% and 18%, respectively).

These results indicate the developing response to zinc deficiency induced by a zinc-deficient diet. The antidepressant-like effect (re-

duction in the immobility time) of both drugs was significantly reduced in zinc-deprived mice, which suggests treatment-resistance

induced by zinc deprivation.

Conclusion: Zinc deprivation induces “pro-depressive” behavior and alters antidepressant efficacy.
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Introduction

Zinc is an important trace element in all living organ-

isms and plays an important role in DNA replication,

transcriptions and protein synthesis, thus influencing

cell division and differentiation [22]. Its deficiency re-

tards the growth of humans and animals and also af-

fects brain function [22, 38, 43, 49]. Throughout the

previous decade, there has been some evidence sug-

gesting a link between zinc and depression [10, 16,

34, 36]. Experiments conducted on animals showed

antidepressant zinc actions in the forced swim test

(FST) [7, 8, 17, 20] and tail suspension test (TST) [4,

20] and, moreover, zinc reversed the depressive be-

havior caused by the organophosphate malathion [1]

chronic mild stress [29], chronic unpredictable stress

(CUS) [3] and olfactory bulbectomy [17]. Further-

more, zinc can enhance the action of antidepressants

in the FST, TST and CUS [3, 4, 7, 20, 32].
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Up to 50% of the population is thought to have in-

adequate levels of zinc in their blood and this is com-

mon worldwide in both developed and underdevel-

oped countries [2], and, in turn, may be related to de-

pression. Most clinical studies demonstrated a low

serum zinc level in patients suffering from major/uni-

polar depression compared to a non-depressed con-

trol, while no alterations were also noticed (e.g., [11,

13, 24]). A lower serum zinc level also accompanied

antepartum and postpartum depressive symptoms

[50]. Moreover, the clinical efficacy of pharmacother-

apy was positively correlated with a rise in the serum

zinc level [12, 24]. Some clinical studies have showed

that zinc supplementation may enhance antidepres-

sant therapy [15, 21, 23].

Recently, it was demonstrated that zinc deficiency

leads to the development of some depression-like al-

terations [44, 45, 48, 49]. To establish the proper time

to assess depression-like behavior induced by zinc de-

ficiency in mice, the first part of present study exam-

ined the time course of the effect of administration of

a zinc deficient diet on behavior in TST and on their

body weight. In the second part, the effect of imi-

pramine and escitalopram administration in control and

zinc-deprived mice on behavior in TST was examined.

Materials and Methods

Animals and treatment

Male CD-1 mice (~16 g) were housed under standard

laboratory conditions with a natural day-night cycle,

temperature 22 ± 2°C and humidity 55 ± 5% and had

access to food and water ad libitum. Each experimen-

tal group consisted of 6–8 animals. All procedures

were conducted according to the National Institute of

Health Animal Care and Use Committee guidelines,

which were approved by the Ethical Committee of the

Jagiellonian University Medical College, Kraków.

Control (33.5 mg Zn/kg) and zinc deficient (0.2 mg

Zn/kg) diets were purchased from MP Biomedicals

(France). In the first part of experiment, mice were

assigned to one of eight different groups according to

the duration of the diet administration (2, 3, 4 or

10 weeks). In the second part, mice were allocated to

control and zinc-deficient diet for 3 weeks and then

received acute administration of vehicle or antide-

pressant.

After 3 weeks of control or zinc-deficient diet ad-

ministration, vehicle, imipramine, 30 mg/kg (Sigma,

Germany) or escitalopram, 4 mg/kg (Lundbeck, Den-

mark) was intraperitoneally (ip) injected 0.5 h before

the test. Control animals received 0.9% NaCl solution

(vehicle). All solutions were administered at a volume

of 10 ml/kg.

TST

The TST described by Steru et al. [30] is one of the

most widely used behavioral paradigms for assessing

antidepressant-like activity in mice. The mice used in

our study were securely fastened with medical adhe-

sive tape by the tip of the tail to a flat surface and sus-

pended for 6 min approximately 30 cm below the sur-

face. The total time of immobility was measured dur-

ing the entire 6 min of the testing session. Immobility

was defined when the animals hung passively without

limb movement and was scored manually.

Locomotor activity test

The locomotor activity of the mice was measured

with photoresistor actometers (circular cages, diame-

ter 25 cm, two light beams). The animals were indi-

vidually placed in an actometer. Activity was meas-

ured during 6 min. The number of crossings of the

light beams by the mice was then recorded as the lo-

comotor activity.

Data analysis

The data are presented as the mean ± SEM. Compari-

sons between control and experimental groups were

performed by the Students t-test; p < 0.05 was consid-

ered significant.

Results

Body weight of the mice at the beginning of the ex-

periment (before any diet) was 16.0 ± 2.2 g. There

was a significant reduction in body weight in the

zinc-deficient animals compared to the control by

37% [t(14) = 7.271, p < 0.001] after 2 weeks and by

18 % [t(14) = 6.760, p < 0.001] after 4 weeks of diet

(Tab. 1). There was no difference between zinc-
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deficient animals compared to control after 10 weeks

[t(12) = 1.017, p = 0.3293] (Tab. 1).

The effects of zinc deficiency on the total duration

of the immobility time in mice are shown in Figure 1.

The zinc deficient diet administered for 2 weeks sig-

nificantly (by 24% [t(13) = 4.062, p = 0.0013]) re-

duced the immobility time in the test (Fig. 1A). The

zinc deficient diet administered for 4 weeks signifi-

cantly (by 20% [t(12) = 2.733, p = 0.0182]) increased

the immobility time in the test (Fig. 1B). The zinc de-

ficient diet administered for 10 weeks significantly

(by 57% [t(12) = 3.324, p = 0.0061]) increased the

immobility time in the test (Fig. 1C).

The effects of zinc deficiency on the total duration

of the immobility time in mice after a 3-week zinc de-

ficient diet and acute antidepressants administration

are shown in Figure 2. There were no significant

changes [t(11) = 0.8359, p = 0.4210] after zinc defi-

cient diet administered for 3 weeks in the immobility

time in the test (Fig. 2A). Imipramine administration

to zinc-deprived mice significantly (by 123%, [t(12) =

3.904, p = 0.0021]) increased the immobility time

compared to imipramine effect in control, vehicle

treated animals (Fig. 2B). Similarly, escitalopram ad-

ministration to zinc-deprived mice significantly (by

96%, [t(12) = 2.309, p = 0.0497]) increased the immo-

bility time compared to escitalopram effect in control

animals (Fig. 2C). Both, imipramine and escitalopram

were able to reduce the immobility time in control and

in zinc-deficient mice, but the % of reduction was

higher in control mice, which may indicate a treat-

ment-resistance induced by zinc deprivation.

No effects of zinc deficiency +/– antidepressant

treatments on locomotor activity in all examined time

periods were observed (data not shown).

Discussion

Zinc exhibits antidepressant-like properties in tests

and models of depression and augments the activity of

antidepressants in some behavioral paradigms [3, 4, 7,

8, 17, 20, 29, 32, 37]. Moreover, augmentation of the
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Tab. 1. The influence of 2, 4 and 10 weeks� administration of a zinc
deficient diet on the body weight (g) of mice. Values are the means ±
SEM of 7�8 animals per group; *p < 0.05 vs. proper control (Student
t-test)

Control Zinc deficiency

2 weeks 33.6 ± 1.2 21.3 ± 1.2*

4 weeks 41.8 ± 0.9 34.3 ± 0.7*

10 weeks 50.1 ± 2.4 52.7 ± 0.9

Fig. 1. The influence of 2 (A), 4 (B) and 10 (C) weeks� administration
of a zinc deficient (ZnD) diet on immobility time in the tail suspension
test (TST) in mice. Values are the means ± SEM of 7�8 animals per
group; * p < 0.05, ** p < 0.01 vs. proper control (Student t-test)



efficacy of antidepressants by zinc co-treatment was

demonstrated in the therapy of depressive disorder

[15, 21, 23].

At first, we observed a significantly lower body

weight gained in groups that received a zinc deficient

diet for 2 and 4 weeks yet not at 10 weeks when com-

pared to the control. The previous study suggests that

zinc deficiency causes anorexia [9]. However, de-

creased food intake seems not to be the cause of

depression-like behavior, because the immobility time

in FST was found to be significantly higher in zinc-

deficient but not pair-fed rats [48]. Our results indi-

cate that lower body weight does not correlate with

depressive behavior, especially as evident after 10

weeks of a zinc deficient diet. After this period of

time, there were no differences in body weight be-

tween the groups, but significant differences in immo-

bility time, so the notion that the anorexia induced by

a zinc deficient diet is the cause of depressive-like be-

havior should be eliminated.

In order to establish the role of zinc deficiency in

depression, several studies used a special low zinc

diet. Whittle et al. [49] showed that dietary zinc-

deficiency in mice, with up to 40% of the recom-

mended daily intake requirement, caused a pro-

depressive phenotype in the FST and TST. The pres-

ent results indicate differences during the time course

zinc-deficiency induced effect in the TST. Animals

subjected to 2 weeks of a zinc deficient diet exhibit

anti-depressive behavior, while those which were kept

on a zinc deficient diet for 4 or 10 weeks demon-

strated pro-depressive behavior. The locomotor activ-

ity did not participate in these above mentioned be-

havioral alterations in the TST (no change in locomo-

tor activity was demonstrated). The differences

between 2 and 4–10 weeks can be linked with the

concentration of zinc in the brain, as described by

Takeda and co-workers in young rats; and it is possi-

ble that the same mechanism is applicable to young

mice. These data indicate that extracellular and ve-

sicular zinc in the hippocampus did not significantly

change in young rats after 2-week zinc deprivation

[40, 42], but it was reduced in young rats after 4-

weeks zinc deprivation (30% of that of control rats)

[39, 41]. On the other hand, Tamano et al. [44] and

Watanabe et al. [48] demonstrated pro-depressive be-

havior (an increase in immobility time) in the FST

after 2-week zinc deprivation in young rats. It is pos-

sible that the differences are due to another animal

species or differences in the zinc concentration of the

diet (52.8 mg Zn/kg for the control and 0.37 mg Zn/kg

for the zinc deficiency). The antidepressant activity in

the TST after 2 weeks of zinc deprivation can be ex-

plained as a compensation mechanism. It is possible

that in the first few days, metallothioneins release

more zinc in deficiency than in the control animals.
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Fig. 2. The influence of 3-week zinc deficient (ZnD) diet and acute
NaCl (0.9%) (A), imipramine (Imi) (B) or escitalopram (Esc) (C) ad-
ministration on immobility time in the tail suspension test (TST) in
mice. Values are the means ± SEM of 6�7 animals per group; * p <
0.05, ** p < 0.01 vs. proper control diet (Student t-test)



Metallothioneins are able to bind up to seven atoms of

zinc temporarily, and therefore, bind zinc when it is in

excess in the cytoplasm plus release it when there is

a shortage [46]. Yeiser et al. [51] observed higher free

Zn2+ and metallothionein 3 mRNA accumulation at

the site of injury in adult rat brains. Moreover, amount

of zinc contained in the diet and period of time of its

administration before feeding animals with zinc-

deficient diet may be important factors in zinc-

deficiency-induced alterations in zinc homeostasis

(our unpublished data [18]).

The antidepressant action of zinc is related to modu-

lation of the glutamatergic system, but mostly to the in-

hibition of NMDA receptor activity, and can fit the

NMDA/glutamate hypothesis of depression [25–28,

33–36].

There is a link between zinc deficiency and gluta-

mate/GABA-ergic/glucocorticoid systems. Zinc defi-

ciency was accompanied by an enhanced release of

glutamate and reduction in GABA concentration as

demonstrated by in vivo microdialysis experiments

[19, 42]. Pro-depressive behavior in zinc deficiency

may be associated with hyperactivation of the

hypothalamic-pituitary-adrenal axis and enhanced ac-

tivity of the glutamatergic system, as observed in de-

pressed patients and in experimental zinc deficiency

[6, 31, 42, 48, 52]. Stress, which induces glucocorti-

coids secretion, contributes to increasing the extracel-

lular levels of glutamate [5, 14, 47].

The antidepressant-like effect (reduction in the im-

mobility time in the TST) of imipramine and escitalo-

pram was significantly reduced in mice fed with

zinc-deficient diet for 3 weeks, which suggest treat-

ment-resistance to the action of these drugs induced

by zinc deprivation. Involvement of zinc in the treat-

ment resistant patients was suggested by previous

clinical studies [12, 23, 24] and experimental zinc de-

ficiency study [45].

In summary, the present results indicate that zinc

deprivation induced (after an initial period of “antide-

pressive” behavior) “pro-depressive” behavior in the

TST in mice. Thus, the proper timing of zinc depriva-

tion should be recognized before someone can evalu-

ate the validity of zinc deprivation as a model of de-

pression. Moreover, the antidepressant-like effect of

examined antidepressants (imipramine, escitalopram)

in zinc-deprived for 3 weeks animals were attenuated,

which suggests treatment-resistance induced by zinc

deprivation.
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