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Abstract Animal brain contains a significant amount of zinc,
which is a cofactor for more than 300 enzymes. Moreover, it
provides the basis for functioning of more than 2000 transcrip-
tion factors, and it is necessary for memory formation and
learning processes in the brain. The aim of this study was to
investigate the effect of zinc supplementation on behavior in
3-month-old rats. For this purpose, the Morris water maze
paradigm, hole-board, and T-maze were used. Wistar rats re-
ceived a solution of ZnSO, in drinking water at the doses of
16 mg/kg (Zn16 group) and 32 mg/kg (Zn32 group). In rats
pretreated with the lower dose of zinc, the improvement of the
mean escape latency was observed in comparison to the con-
trol group and Zn32 group. During memory task, both ZnSOy-
supplemented groups showed an increase in crossings over
the previous platform position. Furthermore, the exploratory
activity in Znl6 group was improved in comparison to Zn32
and control group. In the brains of zinc-supplemented rats, we
observed the higher content of zinc, both in the hippocampus
and the prefrontal cortex. Hippocampal zinc level correlated
positively with the mean annulus crossings of the Zn16 group
during the probe trial. These findings show that the long-
term administration of ZnS0,4 can improve learning, spatial
memory, and exploratory activity in rats.
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Introduction

Zinc, besides iron, is the second most abundant trace element
in the body. Iron occurs primarily in the blood, but zinc is the
most prevalent metal in the human tissue. The body of a 70-kg
man contains approximately 2.3 g of zinc. Zinc is found in all
tissues—about 85 % of the whole body’s zinc is present in the
bones and muscles. Another 11 % resides in the skin and in the
liver. The remaining 2-3 % of zinc is located in other tissues.
We can find only 0.1 % of the total zinc in the blood.

Some amount of zinc is found in the central nervous system
(CNS). The brain contains about 1.5 % of the total zinc present
in the body. Distribution of the metal in the brain is not ho-
mogeneous. The higher concentration of zinc can be found
rather in the gray than in the white matter, especially in such
structures as the cerebellum, cortex, and amygdala. Notwith-
standing the highest amount of this trace element is present in
the hippocampus, a region that participates in spatial learning
and memory. It is expected that Zn®" may be involved in the
regulation of hippocampal function as an essential element for
synapse formation and structural plasticity [1, 2].

In the CNS, three pools of zinc are described: first, protein-
bound zinc acting as a membrane-bound metalloprotein
(protein-metal complex pool involved in metal and no-
metabolic reactions ~85 %), second, a vesicular pool located
in the synaptic vesicles of the nerve terminals (~10-15 %),
and third, an ionic pool of the free zinc or loosely bound ions
in the cytoplasm (not bound to protein) [1]. The average of the
total brain zinc concentration is estimated at about 150 pmol/l
[3]. Free zinc ion concentration from the cultured neurons
comprises approximately 500 nmol in the brain extracellular
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fluid. On the other hand, the zinc content of the synaptic ves-
icles is higher than about 1 mmol/l [4, 5]. Zinc is present in the
vesicles in co-localization with glutamate. All zinc-containing
neurons are glutamatergic, but only certain glutamatergic
neurons contain zinc.

Zinc is an essential component of the brain and plays a key
role in the development of the CNS during fetal and postnatal
life [6]. Zinc-dependent enzymes are involved in cell replica-
tion processes necessary for the growth of the brain. Zinc-
finger proteins provide framework structure for the brain and
are important for neurotransmission in the mossy fiber system
of the hippocampus responsible for memory operations. In
addition, zinc is involved in metabolic processes outside of
the CNS, such as hormones transport and production of neu-
rotransmitter precursors that will eventually affect the brain
functions [7]. Moreover, zinc is involved in other biological
processes, including the DNA synthesis, normal growth, be-
havioral responses, brain development, bone formation, and
reproduction [8].

Zinc deficiency results in growth retardation, testicular at-
rophy, skin and mucous membranes changes, poor appetite,
delayed wound healing, cell-mediated immune dysfunction,
and an abnormal neurosensory responses [9].

It was proposed that zinc deficiency is linked with nervous
system disorders, including mental disturbances and loss of
sensory acuity [7, 10, 11]. Zinc deprivation may also result in
increased stress response as well as altered emotionality and
depression-induced behavior (aggression and anxiety) along
with reduced attention and deterioration of learning and
memory [12-15].

Our previous report showed that zinc supplementation in
rats in the prenatal and early postnatal period improves spatial
learning, cognitive function, and locomotor activity of the
offspring. We also demonstrated the correlation between zinc
content in the hippocampus and spatial memory improvement
in neonatal rats subjected to supplementation [16]. This study
was planned in order to characterize the effect of permanent
supplementation of zinc on learning, memory consolidation,
and exploratory activity in the 3-month-old rats.

Materials and Methods
Animals

Twenty-four 3-month-old male Wistar rats, initially weighing
200-220 g, were used in this study. The rats were housed
individually in plastic cages (26 x42 cm, 18 cm high) with
wood cuttings as bedding, under a 12:12 light/dark schedule.
During the experiment, the animals had constant access to
drinking water and food (Labofeed, Kcynia; concentration of
zinc, 210 mg/kg). A solution of zinc sulfate was prepared

using tap water (basic Zn content <0.001 mg/ml). Water was
analyzed regularly to confirm the concentration of the metal.

All animal testing was conducted according to the Direc-
tive 2010/63EU of the European Parliament and of the Coun-
cil of 22 September 2010 on the protection of animals used for
scientific purposes, after approval of the Ethical Committee
for Animal Experiments at the Medical University of Warsaw.

Zinc Treatment

In the present study, the effects of zinc supplementation were
analyzed in the modified Morris water maze task, hole-board,
and T-maze. The animals were divided into three groups and
treated as follows: (1) drinking water (Con, n = 8); (2) solution
of ZnS0, at dose 16 mg/kg b.w. (Zn16, n=38); and (3) solution
of ZnS0, at dose 32 mg/kg b.w. (Zn32, n=8). Solutions of
zinc were administered orally in the drinking water, and the
daily concentration was 16 and 32 mg/kg per rat. Rats were
treated for 4 weeks before the experiment and over 4 weeks of
behavioral tests (Fig. 1).

Behavioral Tests
Water Maze

Behavioral observations were conducted in the modified ver-
sion of the Morris water maze test [17]. The experiment took
place during the light portion of the cycle between 08:00 a.m.
and 03:00 p.m.

In this task, the rats learnt how to discover the location of a
transparent platform in the pool. The pool was 1.40 m diam-
eter and 0.50 m high and was filled with 23 °C water (0.30 m).
The pool was surrounded by several prominent cues as spatial
coordinates. Their positions were not changed during experi-
ment. The pool was divided into four quadrants: northeast
(NE), northwest (NW), southeast (SE), and southwest (SW).
A submerged plexiglas platform (10 cm x 10 cm) was placed
1 cm under the water. During the acquisition and remainder
test, the platform was located in the center of SE quadrant and
for the time reversal task in NW quadrant.

For each trial, the animal was put in the water facing the
wall of the swimming pool at one of starting the points, ex-
cluding the quadrant with the platform. The order of the
starting points was randomized and changed every day. The
trial was terminated when the rat entered the platform or when
60 s has elapsed. If the animal could not find the platform
within this time, it was placed on the platform for 15 s by
the experimenter before the next trial was initiated. After
completion of the session, the rat was wiped dry and returned
to its cage.

During acquisition (days 1-4), remainder (day 8), and
transfer (day 9) of the water maze task, all animals had one
session consisting of four trials each day. In the memory test
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Fig. 1 Scheme of zinc treatment and sequence of behavioral tests

(probe trial: days 5 and 10), the platform was removed from
the pool, and all rats swam for 60 s.

Water maze test was recorded on videotape. At the same
time, the data obtained during the recording were processed
by the system Chromotrack, San Diego Instruments. Thus, a
precise visual course of the swim distance and the latency to
target quadrant to find the submerged platform was calculated.
During the memory test, we have analyzed the time spent in
each quadrant of the pool and the number of passes over the
previous location of the platform. The movements of the rat
were sampled at 18 times per second.

Hole-Board Test

The hole-board apparatus was used to evaluate exploratory
and motor activity in rodents [18, 19]. The device consisted
of white wooden, square box, measuring 1 m x 1 m. The walls
were 40 cm high, and the top of the box was open for the
observer. Sixteen holes (3.8 cm in diameter and 5 cm deep)
were cut into the floor of the apparatus. Each hole was located
in the middle of 16 square sections (0.25 m % 0.25 m). During
5 consecutive days, each rat was located in the center of the
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box, back to the experimenter. Each trial lasted 5 min. At the
end of the trial, animal was transferred to the home cage. After
each trial, the hole-board apparatus was carefully cleaned with
a 2 % solution of acetic acid and water.

During each 5-min trial, behavioral data were recorded on
the video camera situated above the testing box. The follow-
ing behavior patterns were taken into account: the number of
head-dippings (hiding the head to the eye level into one of the
holes), climbings (the animal stands on its back legs and raises
its forepaws off the ground, extending its body vertically),
crossings (number of square sections entered), and motor
activity (total time of movement).

T-Maze Test

T-maze is a behavioral test created for measuring spontaneous
alternation and motor activity [20]. T-maze apparatus was
built from white wooden entrance arm (0.65 mx0.18 m),
two cross arms (0.65 m*0.18 m), and 0.2 m high walls. In
the alternation task, each session consisted of two trials. Dur-
ing the first trial, the rat was located at the top of the entrance
arm, and the choice of either of the arms and time of the entry
was registered. The trial was terminated when the rat entered
with four paws into one of the cross arms. After entering, one
of the arms of the rat was removed to its cage. After 60 s,
animal was placed again on the starting position, and a second
trial was performed. Every day, two sessions, with 4-h inter-
vals, were conducted. The attempt ended if the animal’s four
paws went into one of the horizontal arms of the T-maze or if
the rat did not turn to any of the arms within 180 s. Between
trials, the T-maze was cleaned with an acetic acid solution.
The principle of the spontaneous alternation is the phenome-
non in which the animal chooses one arm during the first
attempt and the second arm in the next attempt. For each rat,
an alternation percentage was calculated according to the fol-
lowing formula: number of proper choices divided by quantity
of sessions and multiplied by 100. The motor activity was
measured as the total latency to choose one of the arms of
the T-maze.

Biochemistry
Concentration of Zinc in the Blood

After completion of the behavioral experiments, the rats were
decapitated. The blood was poured into the glass tubes and
kept in 4 °C temp. After 1 day, serum was collected from the
tube and centrifuged at 3000xg for 15 min at 4 °C. Then the
supernatant was moved to a clean tube and frozen at —80 °C
until measurement of zinc in serum was made.

Zinc concentration in the blood samples was determined
with the atomic absorption spectrophotometer (Solar, Pey
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Unicam) as described by Kalinowski et al. [21]. The content
of serum zinc was expressed in micrograms per milliliter.

Zinc Concentration in the Brain

After the decapitation of the rat, the regional brain concentra-
tions of zinc were estimated in the selected brain regions: the
prefrontal cortex and hippocampus. Structures were quickly
weighed, frozen, and stored in a deep freezer (—80 °C) until
they were assayed. Then, to the tube, 2 ml of concentrated
nitric acid (d 1.40 g/ml, JT Baker Analyzed) was added. The
samples were microwave digested (Plazmatronika, model
SM1) and dissolved in 10 % nitric acid. Zn content was de-
termined by atomic absorption spectrometry (Analyst 300,
Perkin Elmer, USA) as described by Kalinowski et al. [21].
Linear calibration was made with 40, 100, and 500 pg/l zinc
standards prepared from Spectrascan element standard (1000
+5 pg/mlin 2.5 % nitric acid) for atomic spectroscopy, with a
zinc content of 10 pg/ml (Teknolab AB, Dragbak, Norway).

The accuracy of determination of zinc was verified using a
Quality Control Standard 3 (Cerillant Co., Austin, USA),
Bovine Liver reference sample (SRM1577b/Bovine Liver/
NIST, Gaithersburg, USA), and as a blank 0.1 M HNO;
(Suprapur).

Zinc concentration in the structures of the brain was
expressed in micrograms per gram wet tissue.

Statistical Analysis

All results were presented as mean values + standard error. To
assess differences during acquisition process, ANOVA with
repeated measures (treatment x day x trial) was used. All post
hoc tests were performed using Newman-Keuls and T test to
identify any significant differences. Correlation coefficients
between learning performance and the level of zinc in the
hippocampus and prefrontal cortex were determined using
simple linear regression analysis according to Pearson’s 7 cor-
relation. Correlations have been calculated from the results of
an individual rat. All the hypotheses tested used a significance
level of 0.05.

Results
Body Weight

The animals were weighed once a week. There were no sig-
nificant changes in body weight in rats receiving zinc supple-
mentation for the first 4 weeks [F5,1)=0.62, p>0.05]. How-
ever, after 4 weeks of zinc administration, we have observed
significant reduction of body weight in both groups of rats
treated with zinc as compared to control [F, »1)=4.31,
p<0.05]. This state of affairs remained unchanged until the

end of our experiment in the eighth week. Our observations
are consistent with other studies, where zinc-treated rats had
significantly decreased body weight by reducing energy
intake and improving leptin sensitivity after 4 weeks of
supplementation [22].

Water Maze
Acquisition Trials (Days 1-4)

A repeated ANOVA measures showed a significant mean ef-
fect for escape latency, F»,1,=6.68, p<0.01. A significant
treatment x day interaction, F ¢3y=3.05, p<0.01, and for
treatment X trial, F(;5 139)=1.9, p<0.05, were found. The
Znl6 group (17.89+1.57 s) had significantly shorter mean
escape latency over 4 days than the control (23.8+1.9 s) and
Zn32 group (24.17+1.8 s) (Newman—Keuls test, p<0.05)
(Fig. 2). A significant effect on speed was not observed,
F221)=0.97, p>0.05 (Con 0.24+0.004 m/s; Znl16 0.26
+0.005 m/s; Zn32 0.23+0.005 m/s).

The Probe Trial (Day 5)

During the memory test, the number of crossings over the
previous original platform position in SE quadrant showed
differences between groups (F(»21y=4.19, p <0.05). The num-
ber of annulus crossings was increased for both ZnSOy4-sup-
plemented groups (Znl6, 4.75+0.48; Zn32, 5.0£0.42) in
comparison to the performance of control (Con 2.75+0.81)
(Newman—Keuls test, p<0.05) (Fig. 3).

The analysis of variance demonstrated statistical difference
between the groups in the percentage of time spent in the
target (SE) quadrant in which the platform was situated during
acquisition trials, F>,1)=6.39, p<0.01. The animal treated
with higher dose of zinc spent significantly more time
(27.88+1.75 s) in the SE quadrant in comparison to control
(19.56+1.48 s) (Newman—Keuls test, p<0.01) and Znl6
group (22.75+1.72 (Newman-Keuls test, p<0.05) (Fig. 4).
A significant effect on speed was not observed,
Fpoaon=1.14, p>0.05 (Con 0.26+0.013 m/s; Znl16 0.28
+0.01 m/s; Zn32 0.29+0.007 m/s).

Remainder Trials (Day 8)

After a 2-day break in swimming, the platform was placed in
the SE quadrant, and the training of four trials was resumed for
1 day (the eighth day of the experiment). ANOVA did not
show any significant differences in mean escape latency,
F221)=0.46, p>0.05 (Con, 11.31£2.01 s; Znl6,
9.251.43 s; Zn32, 9.4+1.85 s), and swimming speed,
F21y=3.08, p>0.05 (Con, 0.31+0.001 m/s; Zn16, 0.29
+0.01 m/s; Zn32, 0.29+£0.01 m/s).
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Fig. 2 Escape latency (£S.E.)
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Transfer Test (Day 9)

On the nineth day, the position of the platform was changed to
the opposite quadrant (NW). To compare the crossings over
the old quadrant (SE) for each group, data were normalized by
the ratio of relative corrected crossings (RCC; the crossing of
the trial 22 divided by the escape latency and multiplied by
60). The analysis of variance did not show any significant
effects on latency, F(;21)=0.69, p>0.05 (Con, 19.34
+2.58 s; Znl6, 16.84+3.35 s; Zn32, 20.28 £3.28 s), relative
corrected crossings, F;,1,=0.06, p>0.05 (Con, 5.5+1.78;
Znl6, 5.32+0.78; Zn32, 5.95+1.11), and swimming speed,
F21)=0.59, p>0.05 (Con, 0.3£0.009 m/s; Znl6, 0.29
+0.009 m/s; Zn32, 0.28+0.006 m/s).

The Probe Trial (Day 10)
The number of crossings over the old platform position (SE),
F21y=3.27, p<0.05, like for the new location (NW),

F21y=3.25, p<0.05, was different for particular groups
(Fig. 5). The group treated with ZnSO,4 in a dose of

Fig. 3 Spatial probe data from

the platform area crossings of the 8 1

control and ZnSQOy-treated rats in

the water maze task on day 5 (trial 7

17). The test was run in the same

manner as the acquisition trials, 6 -

except that the target was absent, ('-},J

and the trial was terminated after £ 51

60 s. The measure given is 23

platform crossings =+ SE: the £ 4]

number of times the rat passed §

through a nominal area defining S 3

the originally correct platform

position. *p<0.05 2 |
1 4
0

4 5 6 7 8 9 10 11 12 13 14 15 16

Trials

16 mg/kg b.w./day (Znl6, 4.25+0.75) showed an increased
number of crossings in the old position in comparison to the
control group (2.37+0.37) and animals pretreated with 32 mg
ZnSOy4 (Zn 3.37+0.32). However, the number of crossings
over the new platform position in the NW quadrant increased
for Zn32 group (4.37+0.59) compared to Con (2.87+0.4)
and Zn16 (2.75+0.48) groups.

The animals treated with ZnSO, spent the same time in SE
quadrant (Znl16, 20.5+1.34; Zn32, 18.87+1.22) and in NW
quadrant (Z16, 10.62+1.41; Zn32, 12.5+0.82) as did the
control group (SE: Con, 19.25+0.96; NW: Con, 11.25
+0.59).

Hole-Board Results

The effect of ZnSO, pretreatment on exploratory behavior of
rats in the hole-board test is shown in Table 1.

In the hole-board test, the values of mean head-dipping
counts were different among the groups, F(;,1y=4.65,
p<0.05. There was significant group x day interaction,
Fs,34y=2.71, p<0.01. Post hoc analysis showed an increase

OCon OZn16 mZn32
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Fig. 4 Spatial probe data from

the SE quadrant area crossings of 40 -
the control and ZnSO,-treated rats
in the water maze task on day 5 35 1

(trial 17). The test was run in the
same manner as the acquisition
trials, except that the target was
absent, and the trial was
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of head-dipping count in Zn16 group versus control animals
(»<0.05, Newman-Keuls test).

ANOVA demonstrated statistically significant differences
between mean climbing count, F5;,=11.075, p<0.001. It
was significant for the day of training, F(4 g4)=4.08, and
group x day interaction, Fg g4)=3.87, p<0.001. ZnS0,4 at dose
16 mg/kg/day significantly increased climbing behaviors
compared to the control and Zn32 group (p<0.01, New-
man—Keuls test).

ANOVA demonstrated significant treatment effects on mo-
tor activity, F251y=3.36, p<0.05. It was significant for the
group % day interaction, Fs g4y=2.3, p<0.05. Further analysis
showed a significant increase in the motor activity in Znl6
group compared to control (»p <0.05, T test).

There was no significant differences in the mean number of
crossing count: F(;51,=2.05, p>0.05.

T-Maze Results

The values of mean alternation percentage were different
among the groups, F »1y=3.37, p<0.05. Spontaneous alter-
nation behavior was significantly higher in rats pretreated with
Znl16 compared to control and Zn32 group (p<0.05,
Newman-Keuls test) (Fig. 6). T test analysis of latencies to
choose a proper arm showed the mean latency for the Zn16
group (36.33+£3.22 s) to be significantly smaller than both
Zn32 (72.16+5.38 s) and the control group (76.55+5.43 s)

(Fig. 7).

OCon ©Zn16 lZn32‘

Crossings in SE and NW

SE

NW

Quadrants

Fig. 5 Spatial probe data from the platform area crossings of the control and ZnSOy-treated rats in the water maze task on day 10 (trial 26). The target
was absent, and the trial was terminated after 60 s. The measure given is platform crossings (over SE and NW)=£SE. *p <0.05
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Table1 Results of the hole-board test (days 1-5) in the control (n=8)
and zinc-supplemented rats (Znl6, n=8 and Zn32, n=8). Data are
presented as mean + SE levels

Parameters of exploratory behavior (mean + SE)

Motor activity (s) Head-dipping (n) Climbing (n) Crossing ()

Con 27.55+4.8 2.97+0.43 2574037 2.8+0.24
Znl6 43.42+5.04 5.0+0.54% 53+0.51%* 4.97+0.78
Zn32 30.3+3.88 3.27+0.45" 3.15+0.34% 3374023

*7Znl16 vs Con, p<0.05; **¥Zn16 vs Con, p<0.01 (Newman—Keuls test)
#7n16 vs Zn32, p<0.05; # Zn16 vs Zn32, p<0.01 (Newman—Keuls test)
A 7Znl16 vs Control, p<0.05 (7 test)

Serum Zinc Level

There was a significant difference in the concentration of zinc
in the blood from rats treated with zinc. Rats that received
ZnS0O, at a dose of 32 mg/kg/day showed higher blood levels
of zinc in comparison to the control group (p<0.05, T test)
(Table 2).

Hippocampal and Cortical Zinc Level

ANOVA showed significant differences in the level of zinc in
the prefrontal cortex (F(>,1y=5.19, p<0.05) and hippocam-
pus (F221y=4.69, p<0.5). Higher concentration of zinc was
observed in rats pretreated with zinc sulfate compared to the
control group (p <0.05, Newman—Keuls test) (Table 2).

Correlation Between Zinc Levels and Spatial Memory

A measure of spatial learning accuracy was used to estimate
whether brain levels of zinc were connected with the cognitive
ability in the zinc-supplemented rats. Hippocampal zinc levels
correlated positively with the mean annulus crossing of the

Fig. 6 T-maze spontaneous
alternation (+SE) average of all 100 -
trials for the control (n=8) and

zinc-supplemented rats (Zn16, 90 A
n=38;Zn32, n=_8). ¥*p<0.05

80 A
70 A
60
50

40 A

Alternation (%)

30 A

20 A

Znl6 (r=0.7259, F(;,6)=6.68, p<0.05) and Zn32
(r=0.7207, F(; 6,=6.48, p<0.05) group during the probe trial
(Fig. 8). There was no correlation between the zinc contents in
prefrontal cortex and results of the probe trial in all tested
groups.

Discussion

Zinc performs many important functions in all living creatures
(plants, animals, and humans) and is present in all cells of the
human body. Elevated concentration of zinc occurs in the
CNS, within neurons and glial cells, where zinc is engaged
in synaptic neurotransmission. Particularly high content of
zinc is present in the hippocampus, the structure involved in
learning and memory. However, the role of zinc in cognitive
processes is not fully understood.

Effects of zinc supplementation on cognitive processes
are described in numerous publications. Yet, the results are
still inconclusive. In this study, we discuss the findings
consistent with our previous study, indicating that the ad-
ministration of the zinc throughout the prenatal and in the
early postnatal period improves the cognitive skills [16]. In
experiments parallel to ours, Tahmasebi Boroujeni et al.
[23] demonstrated that the rats supplemented with zinc
had a significant increase of time spent in the target quad-
rant, what confirms a better spatial memory consolidation.
Moreover, the studies of Yu et al. [24] showed that zinc
supplementation after delivery reversed impaired memory
and abnormal ultrastructure of neurons in rats deprived of
zinc during pregnancy.

In this publication, we describe a positive correlation be-
tween the metal content in the hippocampus and spatial mem-
ory in rats from Zn16 group as well. In our previous study on
rat pups, we showed that the number of crossings over the
platform in a memory test was positively correlated with the

OCon OZn16 mWZn32
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Fig. 7 Latency to choose goal
arm for the control (n=28) and 110 -
zinc-supplemented rats (Zn16,
n=8; Zn32, n=R8). *p<0.05
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concentration of zinc in the hippocampus [16]. This effect
appeared for the lower and the higher dose of the metal. How-
ever, the correlation was more pronounced in the group re-
ceiving the lower dose of zinc. It can be assumed that the
lower dose is optimal for the improvement of learning and
memory consolidation. Furthermore, in the abovementioned
group of rats treated with the lower dose (Zn16), the increased
locomotor activity was seen. The study demonstrated a dose-
dependent effect of zinc on locomotor activity and the mem-
ory outcome. From here, it can be suggested that the dose
response is represented by a curve in the shape of an inverted
U letter. The biphasic response indicates that small doses
evoke stimulation of the phenomenon studied, and the higher
dose leads to the inhibition of the observed effects. Zinc con-
centration dose-dependently exhibits protective or excitotoxic
effect. It is very likely that the different effect of zinc is due to
variation in the sensitivity of cells to excitotoxicity in each
area. Neuroprotective effect is observed when the zinc is in
the form of chelates [25].

Similar dose-dependent activity of zinc in memory pro-
cesses was also described in the literature of the subject. Mice
fed with high doses of zinc revealed hippocampus-dependent

Table2 Brain tissue and serum zinc level in the control (n=8) and Zn-
supplemented rats (Zn16, n=8; Zn32, n=38). Data are presented as pg/g
(mean + SE)

Zn level in the brain and serum pg/g wet tissue (mean + SE)

Prefrontal cortex Hippocampus Serum
Con (n=38) 1536+0.11 15.27+0.14 1.06+0.03
Znl6 (n=38) 16.16+0.25% 17.05+0.45% 1.13+0.02
Zn32 (n=28) 16.26 +£0.25* 17.68+0.87* 1.16£0.024

4 7Zn32 vs Control, p <0.05 (T test)
*7Zn16 and Zn32 vs Control, p <0.05 (Newman—Keuls test)

memory dysfunction. In contrast, mice supplemented with a
low dose of zinc displayed better differentiation between two
similar chambers in a T-maze [26]. Moazedi et al. [27] dem-
onstrated that the consumption of zinc (30 mg/kg/day) for
2 weeks during pregnancy may more effectively affect work-
ing memory of the offspring than other doses (20, 50, 70,
100 mg/kg/day). The high dose (100 mg/kg/day) induced sig-
nificant impairment in working (short-term) memory, and
there were no significant differences in long-term memory
for the zinc-supplemented animals. In contradiction with our
results, Flinn et al. [28] found memory deficits after increased
consumption of the zinc, both in pregnancy and in adulthood
in the zinc-treated rats. However, unlike our research, those
animals received a higher dose of zinc for a longer period of
time (3 and 9 months). Also, Chrosniak et al. [29] showed that
regularly administered zinc may effect on cognitive deficits.
When rats were given zinc carbonate with cuprous chloride in
drinking water, spatial memory deficit was not seen. Such
results indicate that the addition of copper may remediate
certain deficiency seen in high dose zinc-treated rats.

Zinc—inextricably linked with the synaptic vesicles—ap-
pears to modulate a number of postsynaptic receptors. We
know that the pharmacology of the NMDA receptor in the
early postnatal period is different from that in adults. The
expression of the NR;| and NR, subunits increases with age
and peaks in the 21st day of life. In adult rats, NR;/NR,p
complex dominates and may explain different effects of zinc
in pups and 3-month-old rats [30].

In the adult hippocampus, the formation of new neurons or
neurogenesis still remains active [31]. Corniola et al. [32]
hypothesized that zinc plays a role in the adult hippocampal
neurogenesis by regulating the p53-dependent molecular
mechanisms that controls progenitor cell proliferation and sur-
vival of neurons. It is likely that the beneficial effect of zinc
supplementation on rats observed in our study may be the
result of neurogenesis in the hippocampus.
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Fig. 8 Correlations between the
number of crossings over the
position of a hidden platform in

the memory test on the fifth day of 6
the experiment and the zinc
concentration in the hippocampus 5

in control and zinc-supplemented
rats. r indicates Pearson’s
correlation coefficient

Crossings in SE

“@. Con
~A. Zn16

W 2032

Zn*" is also essential for synaptogenesis and synapse mat-
uration as its deficiency impairs neurogenesis and develop-
ment of proliferative neuronal precursors. Its shortage impairs
developmental neurogenesis through the reduction of neuro-
nal precursors of proliferation [2, 33]. Spatial overtraining in a
water maze could induce synaptogenesis in the CAj; stratum
oriens region. However, this phenomenon has been observed
only for the duration of the 3-day experiment. Animals trained
only for 1 day did not show increments in mossy fiber termi-
nals [34]. It can be assumed that in our prolonged experiment
during the 10-day water maze procedure, synaptogenesis
could occur in the hippocampus of the rats.

The role of zinc in the exploratory behavior is poorly under-
stood. In the study using open field, Sobhanirad et al. [35]
found that high dose of zinc methionine increased both the
exploratory and locomotor activity in rats. In our study, the
lower dose of zinc resulted in an increase of the number of
head-dippings and climbings. However, Tahmasebi Boroujeni
[23] did not show any effect on motor activity in animals sup-
plemented with zinc. In another experiment, Takeda et al. [36]
studied the exploratory behavior during novelty stress. They
showed that locomotor activity was the highest in the first
period of 10 min of the test and decreased over time. In their
experiment, extracellular zinc was decreased on days 1 and 2
and did not return to the baseline at day 8. On days 1 and 2, the
level of extracellular glutamate in the hippocampus significant-
ly increased during exploratory behavior. It may represent ha-
bituation to the novel environment. This suggests that an in-
creased intake of zinc is involved in the cognitive processes.

In the present study, we demonstrated that supplementation
increases the zinc level both in the hippocampus and in the
prefrontal cortex. Sowa-Kuéma et al. [37] also showed that
zinc administration increases the concentration of zinc in these
tissues. The authors revealed an increase in presynaptic and
extracellular levels of zinc in both structures. They postulated
the antidepressant role of increased concentration of zinc
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observed in the prefrontal cortex after imipramine and
citalopram administration. The results of our experiments in
the hole-board and the T-maze with a significant increase in
the locomotor activity after zinc supplementation may as well
indicate antidepressant properties of the metal.

Guidolin et al. [38] showed the significant decrease in the
amount of zinc within hippocampal mossy fibers in
24-month-old rats with memory impairment compared to the
5-month-old and non-impaired rats. According to Flinn et al.
[28], the brain levels of zinc were increased by the addition of
ZnCOj to the drinking water but long-term dietary adminis-
tration of zinc could lead to cognitive disorders. The results
different from our experience were observed by Takeda et al.
[39]. They claimed that the object recognition memory deficits
may be linked to the preferential increase in Zn®" in CA,
pyramidal neurons.

Alterations in the amount of zinc in the hippocampus may be
the result of various tests carried before the measurement. It is
likely that the change of zinc content in the brain may be due to
reduced ion permeability of the blood barrier. The activity of the
hypothalamic—pituitary-adrenal (HPA) axis, which is increased
by stress and aging, may result in the modification of synaptic
Zn, and then alteration in learning and memory processes [40].

In the water maze test, we demonstrated that both doses of
zinc improve spatial memory on the fifth and tenth day of the
experiment. On the tenth day of the experiment, working
memory was enhanced at a higher dosage of zinc. It is difficult
to explain this phenomenon. Both doses increase the concen-
tration of the metal in the hippocampus, the structure involved
in the spatial memory and in the prefrontal cortex, which is
responsible for working memory. Both the “old” and the
“new” memories were tested during the tenth day of the ex-
periment. When testing both types of memory, it may come to
overlapping of stimuli received by rats and then higher dose
prevails. In our experiment, only the higher dose of the metal
could improve working memory in animals.
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The effect of zinc on the spatial and working memory may
be dose dependent. Karami et al. [41] demonstrated that zinc
supplementation of lactating rats at a dose of 70 mg/kg/day
and less does not affect the reference and working memory. In
contrast, zinc administered in 100 mg/kg/day results in dete-
rioration of working memory.

Studies on the impact of the effect of zinc on cognitive
processes on humans are also not clear. The ZENITH study
revealed that zinc supplementation improves spatial working
memory and cognitive function in healthy adults [42]. Fur-
thermore, zinc supplementation in malnourished children im-
proves their developmental quotients, patterns of activity, and
neuropsychological functions [43]. However, Taneja et al.
[44] demonstrated that after 4 months of zinc supplementa-
tion, childrens’ intellectual development index was similar in
the intervention and placebo groups. A recent meta-analysis of
18 clinical studies showed no effect of zinc supplementation
on cognitive function [45]. The authors argue that there should
be more high-quality clinical trials to assess the exact role of
zinc supplementation on the development of executive and
motor functions. Other recent studies showed a correlation
between the serum levels of zinc and cognitive abilities and
depression symptoms [46]. Aged patients with lower concen-
trations of the metal presented certain disorders of memory
and symptoms of depression.

Conclusions

In this study, it was shown that the administration of zinc in
rats improves spatial learning, memory, and exploratory be-
havior. Our current findings are consistent with the reports of
cognitive impairment caused by nutritional zinc deficiency
either in humans or in animals as well as with an improve-
ment in learning and memory after supplementation. Certain-
ly, beneficial effects of zinc are dose dependent, as we dem-
onstrated in our experiment. The demand for zinc in growing
organism is changeable. Of particular importance is the
U-shaped dose response for zinc, when toxic effects are re-
lated to the presence of either too much or too little zinc.
Hence, additional studies are necessary to determine the
mechanisms of zinc influence on cognitive development in
young subjects.
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