
Time course of zinc deprivation-induced

alterations of mice behavior in the forced swim test

Katarzyna M³yniec1,2,5, Claire Linzi Davies4, Bogus³awa Budziszewska2,5,

W³odzimierz Opoka3, Witold Reczyñski6, Magdalena Sowa-Kuæma5,

Urszula Doboszewska5, Andrzej Pilc5,7, Gabriel Nowak1,5

1Department of Pharmacobiology, 2Department of Toxicology, 3Department of Inorganic Chemistry,
Jagiellonian University Medical College, Medyczna 9, PL 30-688 Kraków, Poland
4Strathclyde Institute of Pharmacy and Biomedical Sciences, University of Strathclyde, Glasgow, Scotland, UK
5Institute of Pharmacology, Polish Academy of Sciences and Center of Excellence in Neuropsychopharmacology,
Smêtna 12, PL 31-343 Kraków, Poland
6Faculty of Material Science and Ceramics, AGH University of Science and Technology, Mickiewicza 30,
PL 30-059 Kraków, Poland
7Faculty of Health Sciences, Jagiellonian University Medical College, Micha³owskiego 20, PL 31-126 Kraków,
Poland

Correspondence: Katarzyna M³yniec, e-mail: katarzyna.mlyniec@uj.edu.pl

Abstract:

Background: Zinc is an important trace element essential for numerous bodily functions. It is believed that a deficiency of zinc can

lead to various conditions, including depression, on which this study is focused. It is still not known if hypozincemia leads to the de-

velopment of depression or whether zinc deficiency is a result of depression. It is hypothesized that zinc may be a therapeutic agent

or supplement that would help to reverse the symptoms of this disease.

Methods: In the present study, the behavior of mice was assessed 2, 4, and 10 weeks following administration of a zinc deficient diet.

To evaluate animal activity we used the forced swim test (FST).

Results: After 2-week zinc deprivation we demonstrated a significant reduction in the immobility time. However, after 4 and 10

weeks of zinc deprivation the mice exhibited an increased immobility time. There were no changes in locomotor activity at each time

period. After 2-, 4- and 10-week zinc deprivation and the subsequent FST, serum zinc concentration was decreased and determined

to be 59, 61 and 20%, respectively, compared with appropriate controls. The serum corticosterone concentration in mice after 2-, 4-

and 10-week zinc deprivation and subjected to the FST was also assessed, whereby the differences between the control and experi-

mental animals were demonstrated (increased by: 11, 97 and 225%, respectively).

Conclusions: The obtained results indicate that zinc deprivation induced “pro-depressive” behavior (after the initial period of “anti-

depressive” behavior). This pro-depressive behavior correlates with enhanced serum corticosterone concentration.
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Introduction

Considered to be one of the most common psychopa-

thological disorders, depression can affect one in six

men and one in four women, with varying degrees of

severity and recurrence [11]. It is a poorly understood

mental condition characterized by low self esteem,

immune system malfunction [18], anorexia and low

motivation, along with social implications [3].

It is believed that the metal element zinc plays

a role in this disorder [40, 47, 52]. Zinc is an impor-

tant element which is essential for numerous bodily

processes, including brain function, DNA replication

and protein synthesis; more than 300 proteins are

known to require zinc [18, 48].

Zinc homeostasis is maintained strictly by the

blood-brain barrier and blood-cerebrospinal barrier. It

is hypothesized that proteins requiring zinc for func-

tion are responsive to changes in dietary zinc; de-

creased levels of zinc have been observed in extracel-

lular [47] but not in whole hippocampal tissue during

zinc deficiency. An alteration in zinc homeostasis can

result in clinical depression, changes in behavior and

mental function. A reduced blood zinc level is ob-

served in major depression and is proposed as a state

marker of depression [16, 33]. Zinc is thought to be an

inhibitor at the NMDA receptor, which itself may be

involved in the psychopathology and therefore a tar-

get for the treatment of depression [8, 25, 40]. The re-

lationship between neuronal function and behavior is

vital to the understanding of the dynamics of complex

mental disorders such as depression and anxiety. Pre-

vious studies have indicated that zinc plays a role in

anxiolytic and antidepressant therapy; this has been

demonstrated in preclinical tests including the ele-

vated plus maze test and four-plates test [28], forced

swim test (FST) [12, 13, 24, 30] and tail suspension

test (TST) [8, 30].

Up to 50% of the population is thought to have in-

adequate levels of zinc in their blood in both devel-

oped and underdeveloped countries worldwide and

may be a possible reason for some symptoms of de-

pression [2]. Zinc enhances the antidepressant-like ef-

fects of conventional antidepressants (including imi-

pramine) in the FST, TST and chronic unpredictable

stress (CUS) model [5, 8, 39, 41]. Of great concern

are recent findings coming from clinical studies in

which zinc supplementation enhances the efficacy of

antidepressant therapy, particularly in treatment resis-

tant patients [22, 32].

It has been suggested that the stress is related to an

increase in glucocorticoid concentration [38, 47, 52].

The hypothalamus-pituitary-adrenal (HPA) system is

the final common pathway in the mediation of the

stress response [1]. It is thought that zinc deficiency

can cause alterations of the HPA axis in depression.

The hypothalamic overproduction of the cortico-

tropin-releasing hormone overstimulating adrenocor-

ticotropin in the anterior lobe of the pituitary [56] re-

sults in excess production of the glucocorticoid corti-

costerone in rodents. This dysregulation seems to be

an important factor in the pathogenesis of depression

[42, 45, 47, 51].

The aim of this study was to determine whether ad-

ministration of a diet deficient in zinc would cause

“depressive behavior” and if such behavioral altera-

tions would correlate with serum corticosterone and

zinc concentration. The FST was used to assess the

behavioral changes (“depressive state”) of the animals

during zinc deficiency over a period of 2, 4 and 10

weeks.

Materials and Methods

Animals

Male CD-1 mice (3 weeks old) were housed under the

standard laboratory conditions with a natural day-

night cycle, a temperature of 22 ± 2°C and the humid-

ity at 55 ± 5% as well as access to food and water ad

libitum. Each experimental group consisted of 7–8

animals. All of the procedures were conducted ac-

cording to the National Institute of Health Animal

Care and Use Committee guidelines, which were ap-

proved by the Ethical Committee of the Jagiellonian

University Medical College, Kraków.

Zinc deficient diet

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

Zn/kg) diets were purchased from MP Biomedicals

(France). Mice were assigned to one of six different

groups according to the diet and duration of the diet

administration (Fig. 1).
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Behavior

FST

The studies were carried out on mice according to the

method of Porsolt et al. [29]. The animals were dropped

individually into glass cylinders (height 25 cm, diameter

10 cm) containing 10 cm3 of water, maintained at

23–25°C. The mice were left in the cylinder for 6 min.

After the first 2 min, the total duration of immobility

was measured during the following 4-min test. The

mouse was judged to be immobile when it remained

floating passively in the water.

Locomotor activity

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 and activity was then

measured between 2 and 6 min. The number of cross-

ings of the light beams by the mice was then recorded

as the locomotor activity.

Blood sampling and biochemical assays

Serum corticosterone levels were estimated 24 h after

the FST at 8:00 a.m. The animals were then sacrificed

under non-stressful conditions by rapid decapitation

and the blood was collected. The serum was separated

by centrifugation in a refrigerated centrifuge at 800 ×

g for 15 min and stored at –20°C until the assay.

Corticosterone assay

Corticosterone was extracted from the serum using

ethanol and was measured by a radioimmunological

method. The ethanol serum extracts were dried under

a nitrogen stream, dissolved in 0.1 ml of 0.05 mM

phosphate buffer, pH 7.0, containing 0.9% NaCl and

0.1% gelatin (Sigma Chemical Co.), and were incu-

bated with a 0.1 ml solution of 1,2,6,7-[3H]-cortico-

sterone (20,000 dpm/sample; Radiochemical Centre,

Amersham, s.a. 85 Ci/mmol) and with a 0.1 ml solu-

tion of a corticosterone antibody (Chemicon) for 16 h

at 4°C. Free and bound corticosterone were separated

using dextran-coated charcoal. The samples were incu-

bated for 10 min at 4°C with 0.2 ml of 0.05% dextran

(Dextran T 70, Pharmacia) and 0.5% charcoal (acti-

vated, Sigma) suspension. After centrifugation at

1,000 × g for 20 min, 0.3 ml of the supernatant was

placed in a scintillator and the radioactivity was meas-

ured in a b-counter (Beckmann LS 335). The cross-

reactivities of the used antiserum with 11-dehydro-

corticosterone and deoxycorticosterone were 0.67 and

1.5%, respectively, whereas those of other steroids

were below 0.01%. The corticosterone content was

calculated using a log-logit transformation. The assay

sensitivity was 10 pg/tube. Intra- and inter-assay coef-

ficients of the variation were lower than 5% and 8%,

respectively.
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Fig. 1. Schedule of feeding procedure of animals used in the study. BD � basic diet (46.6 mg Zn/kg), ZnA � zinc adequate diet (33.5 mg Zn/kg),
ZnD � zinc deficient diet (0.2 mg Zn/kg). Forced swim test (FST) was performed after 2, 4 or 10 weeks of experimental diet administration. Loco-
motor activity was examined 24 h before FST. Twenty four hours after FST animals were decapitated and serum collected



Zinc assay

Due to the low volumes, no sample pretreatment proce-

dures were applied. The thawed samples were thor-

oughly mixed as these were not homogenous, and ana-

lyzed directly by means of the atomic absorption spec-

trometry (AAS) method. In some instances (the samples

with the smallest volume), the electrothermal technique

(ET AAS) was used, while for the samples of higher

volume, the flame technique (F AAS) was applied.

For both techniques, the determination procedure

and instrumental parameters were optimized to obtain

the highest possible sensitivity. On the other hand, the

procedure was prepared in a way to prevent any possi-

ble contamination of the sample with the analyte from

the environment. Only quadruple distilled water was

used for both the sample and preparation of the stan-

dard solutions.

The detection limits of Zn determination in the F AAS

and ET AAS techniques were 3.6 µg/l and 0.07 µg/l,

respectively. Precision of the measurements was less

than 7% (RSD), and it was a direct result of inho-

mogenity of the analyzed samples. The accuracy of

measurements was checked by means of comparative

analysis of a chosen digested sample via the F AAS

and voltammetry (ASV) methods. The difference be-

tween the obtained results was less than 2%. To deter-

mine Zn concentration, a Perkin Elmer Model 3110

(USA) spectrometer was used; flame analysis was

made in an air-acetylene flame, HCL lamp, wave-

length 213.9 nm, slit 0.7 nm. The electrothermal

analysis was conducted by the use of a Perkin Elmer

HGA 600 instrument, at the same spectral conditions,

using a pyrolytic coated graphite furnace.

Data analysis

The data obtained were evaluated by Student’s t-test.

All the results are presented as the mean ± SEM; p <

0.05 was considered to be statistically significant.

Results

Body weight

The body weight of mice at the beginning of the ex-

periment (before any diet) was 15.5 ± 2.2 g. There

was a significant difference in body weight in zinc-

deficient animals when compared to the control ani-

mals after 2 weeks of diet (33.6 ± 1.0 g for the control

and 24.7 ± 1.2 g for the zinc-deficient group, p <

0.0001) and 4 weeks (42.3 ± 1.1 g for the control and

30.0 ± 1.3 g for the zinc-deficient group, p < 0.0001)

of the diet. After 10 weeks of the diet, a small insig-

nificant difference was observed in the zinc-deficient

animals when compared to the control group (55.8 ±

2.6 g and 49.2 ± 2.1 g, respectively).
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Fig. 2. Influence of administration of 2- (A), 4- (B) and 10- (C) week
zinc deficient diet on immobility time in the forced swim test. ZnD �
zinc deficient diet. Values are expressed as the mean ± SEM. * p <
0.05; *** p < 0.001 vs. control



FST

The effects of zinc deficiency on the total duration of

immobility time in mice after a 2-week zinc deficient

diet are shown in Figure 2A. The zinc deficient diet

after 2 weeks significantly (by 13%) reduced immo-

bility time in the test.

The effects of zinc deficiency on the total duration

of immobility time in mice after a 4-week zinc defi-

cient diet are shown in Figure 2B. The zinc deficient

diet after 4 weeks significantly (by 21%) increased

the immobility time.

The effects of zinc deficiency on the total duration

of immobility time in mice after a 10-week zinc defi-

cient diet are shown in Figure 2C. The zinc deficient

diet after 10 weeks significantly (by 24%) increased

immobility time in the test.

Locomotor activity

The effects on spontaneous locomotor activity in mice

are shown in Table 1. There were no changes in loco-

motor activity in all of the groups, either control or

zinc-deficient.

Serum corticosterone level

The effects of zinc deprivation on the corticosterone

level in mice subjected to FST are shown in Figure 3.

There were no significant differences (11% increase)

in corticosterone concentration between the control

and zinc deficient animals after 2 weeks. A significant

increase in corticosterone was observed in mice after

the 4- (by 97%) and 10-week (by 225%) administra-

tion of the zinc deficient diet.

Serum zinc concentration

The effects of zinc deprivation on the serum zinc level

in mice subjected to FST are shown in Figure 4. A sig-

nificant reduction in zinc concentration was demon-

strated by 2 (59% of control) and 4 (61% of control)

weeks of administration of the zinc deficient diet.

After 10 weeks of the zinc deficient diet, serum zinc

was significantly reduced by only 20%.
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Tab. 1. The influence of 2, 4 and 10 weeks� administration of a zinc
deficient diet on locomotor activity of mice measured during 4-min
period

Control Zinc deficiency

2 weeks 104.7 ± 6.9 102.7 ± 12.1

4 weeks 109.3 ± 11.3 88.3 ± 5.6

10 weeks 65.8 ± 9.6 61.7 ± 10.3

Values are the means ± SEM of 7 animals per group

Fig. 3. Influence of administration of a 2- (A), 4- (B) and 10- (C) week
zinc deficient diet on serum corticosterone concentration. ZnD � zinc
deficient diet. Values are expressed as the mean ± SEM; * p < 0.05;
** p < 0.01 vs. control



Discussion

The antidepressant activity of zinc was demonstrated

in animal preclinical tests and models of depression

(FST [13, 30], TST [30], olfactory bulbectomy (OB)

[24], CUS [5, 6] and chronic mild stress (CMS) [36]).

Zinc can enhance the antidepressant effect of drugs

when given as an adjunct to ineffective doses of anti-

depressants [5, 8, 12, 39, 41]. Moreover, the activity of

zinc in augmentation therapy was demonstrated in ma-

jor depression [22, 32], whilst diminished blood zinc

levels are concurrent with depression [17–19, 31, 33].

For over two decades, neuroscience has implicated

zinc in depression, leading to the notion that zinc defi-

ciency is involved in the pathophysiology of this dis-

ease. The main problem is that it is not known if low

zinc levels lead to the development of depression or

whether zinc deficiency is a result of depression (see

[7] for discussion). One of the first reports about de-

pressive behavior in zinc deficiency was demon-

strated by Suliman et al. in 1988, whose paper de-

scribes conditions such as skin lesions, wool eating,

flexed knees and a markedly stiff gait in sheep [37].

In the present study, we examined the changes in

behavior at different times during the administration

of a zinc deficient diet in mice. Firstly, similar to our

previously published observations [20], we observed

a lower body weight gain in zinc deficiency groups,

which received zinc deficient diet for 2 and 4 weeks

but not for 10 weeks when compared to the control.

Although, a previous study suggests that zinc defi-

ciency causes anorexia [14], decreased food intake

does not seem to be the cause of depression-like be-

havior, because the immobility time (in the FST) was

found to be significantly increased in zinc-deficient

yet not pair-fed rats [57].

After the first two weeks of a zinc-deficient diet,

mice surprisingly exhibited antidepressant-like be-

havior in the FST. Similar effect was demonstrated

previously in the tail suspension test in mice [20].

Then, after the 4-week zinc deprivation, the animals

exhibited “pro-depressive behavior” (prolonged im-

mobility time). The differences between 2 and 4

weeks of zinc deprivation can be related to the brain

zinc concentration described by Takeda and co-

workers. In vivo micro-dialysis experiments indicated

that extracellular zinc in the hippocampus does not

significantly change in young rats after 2-week zinc

deprivation [44], but decreases in young rats after

4-week zinc deprivation [43]. Furthermore, the same

authors indicated that histochemically reactive zinc

(Timm’s stain) decreases after 4-week zinc deficiency

in mice [49]. Another possible mechanism involved

in the differences between 2- and 4-week zinc defi-

cient groups is a compensative mechanism, occurring

after a 2-week zinc deficient diet which contributes to

the changes in the zinc levels. Metallothioneins are

proteins that are able to bind up to seven atoms of zinc
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Fig. 4. Influence of administration of a 2- (A), 4- (B) and 10- (C) week
zinc deficient diet on serum zinc concentration. ZnD � zinc deficient
diet. Values are expressed as the mean ± SEM. ** p < 0.01; *** p <
0.001 vs. control



temporarily. Thus they bind zinc when it is in excess

in the cytoplasm and release it when there is a short-

age [21, 55], however, this issue needs to be examined

in future research.

There were also differences between 4- and 10-

week zinc deficient animals. After a 10-week diet,

a higher increase in depressive behavior was observed

compared to that following a 4-week zinc deficient

diet. It is thought that an increased duration of zinc

deficiency can lead to the development of a depres-

sive disorder [15]. Halsted et al. [10] was the first to

describe that prolonged zinc deficiency results in neu-

ropsychological changes such as emotional instability,

irritability and depression.

No effects of zinc deficiency on locomotor activity in

each time period were observed, however, control mice

after 10 weeks of diet showed a decrease in activity

counts compared to mice after 2 and 4 weeks of diet.

This may be associated with age of mice. These same

changes were observed in our previous study. Control

animals after 4 weeks of diet showed higher activity

than animals after 6 weeks of the control diet [26].

The glutamate hypothesis of depression was pro-

posed by Skolnick et al. [34]. Based on the antide-

pressant-like activity of glutamate receptor (firstly the

NMDA) antagonists, a link between the hyperactivity

of the glutamate system and depression was observed

[34, 35, 54]. Zinc is an antagonist of the NMDA

receptor and exhibits antidepressant-like activity in

rodent tests and models of depression [23, 27, 40].

Moreover, a higher glutamate concentration in zinc-

deficient animals compared to control animals was

demonstrated [45, 48]. Extracellular glutamate accu-

mulation in the hippocampus is also potentiated by

glucocorticoids [47]. During zinc deficiency, chronic

alteration of corticosterone secretion and a decrease in

synaptic zinc levels seems to be linked to the excit-

ability of glutamatergic neurons in the hippocampus

[45].

After a 2-, 4- and 10-week zinc deficient diet and

following the FST, we also investigated serum corti-

costerone concentration. The first period of zinc defi-

ciency (2 weeks) induced an insignificant 11% in-

crease, while the next period induced an increase over

95%. Thus it can be concluded that zinc deficiency is

correlated with disturbances of the HPA axis. Several

papers report a rise in corticosterone levels after

2-week [46, 47, 53, 57] and 3-week zinc deprivation

[4]. The increased corticosterone concentration after

2 weeks of zinc deficiency was correlated with a rise

in the immobility time in the FST observed in rats but

not in mice [57]. It is not known if the increase in im-

mobility time is a result of zinc deficiency due to

a rise in glucocorticoid concentration. Two-week ex-

posure to corticosterone elicited an increase in the im-

mobility time in the FST, suggesting that neuropsy-

chological symptoms in zinc deficiency may be asso-

ciated with abnormal corticosterone secretion [53].

Our data show a reduction in immobility after 2 weeks

of zinc deprivation. The differences observed between

the above results may be due to another strain of

mouse or different zinc concentrations in the diet

(44 mg Zn/kg for the control and 2.7 mg Zn/kg for

zinc deficient animals) compared to the present study

(control 33.5 mg Zn/kg, zinc deficiency 0.2 mg

Zn/kg). The lower serum corticosterone level ob-

served in control animals after 10 weeks of diet com-

pared to animals after 2 and 4 weeks of control diet

was probably caused by habituation to human pres-

ence. Mice fed for 10 weeks with control diet were

handled longer than mice receiving diet for 2 and 4

weeks. It is also possible that young mice are more

susceptible to activation of the HPA axis under stress

conditions than older mice, but this requires further

studies.

The measurement of serum zinc concentration

brought somehow surprising results. The first two pe-

riods of zinc deprivation (2 or 4 weeks) reduced se-

rum zinc by over 50%, while after 10 weeks of zinc

deprivation a small reduction of 20% was seen. Our

data, following 2 or 4 weeks of zinc deprivation, re-

sembles that of El Hendy et al. [9] who showed a 17

to 78% reduction in serum zinc concentration in rats.

Takeda et al. [47] also demonstrated a less than 50%

reduction after 1- and 2-week zinc deprivation. It is

possible that after the extended period of zinc depri-

vation adaptive mechanisms may redistribute zinc

from different pools (e.g., the liver) to the blood

and/or the physiological reduction in blood zinc con-

centration during lifetime may account for the lower

zinc concentration observed between the control and

zinc-deficient animals at 12 weeks. Moreover, in our

experiments stress induced by FST may also partici-

pate in such differences in the serum zinc concentra-

tions. It should be added that control mice after

10 weeks of diet showed much lower serum zinc level

than animals after 2 and 4 weeks of control diet. This

may be associated with age of mice. Zinc concentra-

tion in the brain remains constant in aged animals,

whereas serum zinc level is significantly lower in
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aged than in young animals [50]. Thus, the present

data questions serum zinc as a universal marker of

zinc deficiency, and this issue needs to be examined

extensively in the future.

Conclusions

The present results indicate that zinc deprivation in-

duced “pro-depressive” behavior in the FST in mice

(after the initial period of “antidepressive” behavior).

This pro-depressive behavior tends to correlate with

enhanced serum corticosterone concentration, but not

with the reductions in serum zinc concentration.
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