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Abstract
Environmental and occupational exposures to copper (Cu) play a pivotal role in the etiology of some neurological diseases 
and reduced cognitive functions. However, the precise mechanisms of its effects on cognitive function have not been yet 
thoroughly established. In our study, we aimed to investigate the behavior and neurochemical alterations in hippocampus 
of male and female rats, chronically exposed to copper chloride (CuCl2) and the possible involvement of oxidative stress. 
Twenty-four rats, for each gender, were divided into control and three test groups (n = 6), and were injected intraperitoneally 
with saline (0.9% NaCl) or CuCl2 (0.25 mg/kg, 0.5 mg/kg and 1 mg/kg) for 8 weeks. After the treatment period, Y-maze 
test was used for the evaluation of spatial working memory and the Morris Water Maze (MWM) to test the spatial learning 
and memory. Biochemical determination of oxidative stress levels in hippocampus was performed. The main results of the 
present work are working memory impairment in spatial Y-maze which induced by higher Cu intake (1 mg/kg) in male and 
female rats. Also, In the MWM test, the spatial learning and memory were significantly impaired in rats treated with Cu at 
dose of 1 mg/kg. Additionally, markers of oxidative stress such as catalase, superoxide dismutase, lipid peroxidation products 
and nitric oxide levels were significantly altered following Cu treatments. These data propose that compromised behavior 
following Cu exposure is associated with increase in oxidative stress.
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Introduction

In our environment, heavy metals are prevalent in air, soil 
and water. Virtually, they exist everywhere [1]. Among 
the heavy metals, copper (Cu) is an essential trace mineral 
which becomes harmful when the safe dose is surpassed [2]. 
Generally, Cu can ensure the proper functioning of various 

biological systems such as the central nervous system (CNS) 
in different animal species [3–5]. It can regulate several bio-
chemical processes [6, 7] and participates in neurotransmit-
ter synthesis, energy metabolism and antioxidative defense 
[8].

The brain is highly rich in Cu [9]. This metal can cross 
the blood–brain barrier (BBB) and is easily distributed in the 
brain [10]. Cu is found in larger quantities in the hippocam-
pus, striatum and frontal cortex [9, 11]. Abnormal levels 
of Cu exposure, in the form of deficiency or excess, can 
seriously influence brain functions [6, 12]. Epidemiological 
studies have shown that, Cu at high concentrations is associ-
ated with some neurological disorders such as Alzheimer’s 
disease [13], Menkes disease, Parkinson´s and Huntington 
diseases [14–16]. A significant association between Cu and 
neurobehavioral performance was revealed [17–19]. Our 
previous data have demonstrated that chronic Cu exposure 
modulates affective behaviors [20].

The role of Cu in the memory dysfunction is controver-
sial [7]. Normal level of Cu is necessary for memory and 
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learning [21], this metal facilitates the long-term potentia-
tion (LTP) and it influences reuptake of glutamate, glutamate 
release and free radicals production [21, 22]. But conversely, 
excess of Cu affects the memory. Several studies in humans 
and animals, have reported that elevated level of Cu in the 
blood can have negative effects on memory function, sug-
gesting a probable role for the metal in this pathologie [23] 
and its direct or indirect impact on the neurotransmission 
involved in cognitive abilities including cholinergic, gluta-
matergic and GABAergic systems [24–26].

Additionally, excessive exposure to Cu provokes oxida-
tive stress (OS) in the CNS which is considered to be among 
the most affected systems [27], especially the hippocampus, 
a structure of the brain which plays a very important role 
in memory functioning [26]. In this sense, an association 
between the OS and the etiology of cognitive dysfunction 
was shown in divers studies [28–30].

In view of the forgoing, this study aims to evaluate the 
spatial learning and memory performance and neurochemi-
cal alterations in hippocampus of male and female rats 
chronically exposed to Cu, and to establish the possible 
involvement of OS pathways.

Materials and methods

Animals and experimental conditions

Adult Wistar rats of both genders (approximately 60 days; 
120 ± 20 g) which born and raised in Animal House of the 
Faculty of Sciences in Ibn Tofaïl University, were used 
in this study. The adult rodents were maintained under a 
12:12 h light/dark cycle at a controlled room temperature 
(22 ± 1 °C) with free access to standard laboratory rat water 
and food. The experimental procedures were approved by 
the Animal Ethics Committee (Local Institutional Research 
Committee).

Forty-eight rats were separated (for each gender) into four 
different groups of six adult rats: Group I: control animals, 
received NaCl (0.9%) intraperitoneally once daily. Group 
II: animals were administered Copper at dose of 0.25 mg/
kg once daily. Group III: animals were administered Copper 
(0.5 mg/kg) once daily. Group IV: animals were adminis-
tered Copper (1 mg/kg) once daily. The concentrations of Cu 
used in this study were chosen based on our previous experi-
ment evaluating neurobehavioral alterations in rat [20].

Copper Chloride (CuCl2) was obtained from SIGMA-
ALDRICH. Saline solution and all other chemicals used in 
our study were purchased from standard commercial suppli-
ers. By Intraperitoneal route, CuCl2 and NaCl (0.9%) were 
administered once daily (between the hours of 16:00 and 
16:30) during two months.

Neurobehavioral tests

After the treatment period (60 days), all rats were subjected to 
behavioral analysis by monitoring memory function in Y-maze 
and MWM tests. The Behavioral studies were effectuated 
between the hours of 8 am and 12 am.

Y‑maze test

The working memory state in rodents was tested by monitor-
ing spontaneous alternation behavior in the Y maze test as 
previously described [31]. The apparatus was made of painted 
wood in the form of Y with three arms (45 × 35 × 12 cm). It 
involved placing a rat in the area of intersection of the three 
arms of the apparatus and allowing the animal for 5 min (from 
3 to 8 min) to make arm decisions afterwards. The % of alter-
nation was determined following this equation: (spontaneous 
alternation/(total number of arm entries − 2)) × 100.

Morris Water Maze Test

To test the spatial learning and memory performances, the 
MWM test is employed. The test was performed according to 
the method previously described by Morris [32, 33]. A stain-
less circular pool (50 cm in height and 110 cm in diameter) 
which is full of opaque water (24 ± 1 °C) was used. The appa-
ratus was divided into four equally quadrants. An invisible 
platform was placed in one of the four quadrants. The maze 
was located in a large quiet test room (5.2 m × 2.4 m), sur-
rounded by numerous extra maze cues, which could be used 
by the animals for spatial orientation. The time taken to reach 
the invisible platform was recorded throughout the acquisition 
trials (the first 4 days). This time served as a measure of spatial 
learning performance. In order to assess the spatial memory, 
the platform was tacked off in the fifth day (probe test). We 
recorded the time expended in the quadrant which formerly 
contained the platform (the correct quadrant).

Biochemical examination

After the behavioral tests period, all animals were sacrificed 
by decapitation; the brains were removed and the cold Hip-
pocampi were isolated and homogenized in 50 mM of phos-
phate buffer (PH: 7.4, W/V) and then centrifuged at 4 °C for 
10 min at 1500 rpm. The resulting supernatants were used for 
analysis [34].

Determination of Lipid peroxidation levels

Hippocampal LPO was estimated according to the pro-
cedure of Draper and Hadley [35]. The formation of oxi-
dized lipids was determined by measuring the TBARS 
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(thiobarbituric-acid-reacting substances). The reaction con-
tained tissue homogenates, 10% TCA (trichloroacetic acid) 
and TBA (thiobarbituric acid) at 0.67%. For 15 min, the 
mixture was carried out in a boiling water bath. Just after, 
butanol (2:1 V/V) was added. The mixture was centrifuged 
800g for 5 min. Then, the reaction product was determined 
at 532 nm [36].

Determination of Nitric oxide levels

Hippocampal NO was determined using Griess reagent [37]. 
Briefly, 150 µL of sample were incubated at room tempera-
ture with 20 mL of Griess reagent and 130 µL of distilled 
water for 30 min. NO levels were determined at 540 nm. 
Tissue NO levels were calculated as µmol/g of tissue.

Determination of antioxidant enzymes activities

The SOD and CAT activities were analyzed using the pro-
tocol of Beauchamp and Fridovich [38] and the protocol 
of Aebi [39], respectively. The two antioxidant enzymes 
activities were expressed in U/g of tissue. For SOD, one 
unit being the amount inhibiting the photoreduction of the 
nitroblue tetrazolium (NBT) by 50%. The reduction of NBT 
was followed at 560 nm, while for CAT, one unit being the 
amount of H2O2 destroyed/min under temperature of 25 °C 
at 240 nm.

Data analysis

The statistical result analyses were analyzed using SPSS 
(version 22). Differences among the animal groups were 
assessed by two-way, whereas, the learning phase data of the 
MWM were analyzed by ANOVA repeat measures. Behav-
ioral data are represented as the mean ± SEM Statistical sig-
nificance was set at either p < 0.05.

Results

Copper effect on memory

Y Maze Test (Fig. 1)

In male rats, Cu did not provoke any significant alteration 
in Percentage of spontaneous alternation (F(1.32) = 1.61, 

p > 0.05). In contrast, in female rats, the % of alternation was 
significantly decreased following Cu treatment at 1 mg/kg 
compared to control (F(3.32) = 8.54, p < 0.01), while no sig-
nificant change was observed for the other doses (p > 0.05).

Morris water maze

Spatial learning (Fig. 2)

The statistical analysis showed that; a significantly higher 
latency value was recorded in male and female rats 
exposed to Cu (1 mg/kg) when compared with the control 
group (p < 0.01). Cu had a longer effect on the latency of 
female than male in the 1 mg/kg treated group. In addition, 

Males Females
0

20

40

60

80

%
 o

f a
lte

rn
at

io
ns

Control
Cu-0.25
Cu-0.5
Cu-1

**
**

Fig. 1   Effect of Cu administrations (0.25, 0.5 and 1  mg/kg i.p.) on 
Spontaneous alternation percentage measured in Y-maze. Results are 
represented as mean ± SEM. **p < 0.01

Fig. 2   Effect of Cu injections (0.25, 0.5 and 1 mg/kg i.p.) on Latency 
to reach the hidden platform on each of the 4 days of learning phase 
in the MWM, in male (a) and female rats (b). Results are represented 
as mean ± SEM. **p < 0.01
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no significant difference is observed for the other doses in 
rats of both genders (p > 0.05).

Percentage time spent in the correct quadrant (Fig. 3)

During the probe test, the effects of Cu on the % of time 
spent in the correct quadrant in male rats were similar in all 
groups throughout this study (p > 0.05). In contrast, the % of 
time spent in the correct quadrant was significantly reduced 
by 27% in female Cu-treated rats (1 mg/kg) compared to 
control female rats (F(3,32) = 5.33; p < 0.05).

Copper effect on oxidative stress

LPO levels in hippocampus (Fig. 4)

Alterations in the levels of LPO were recorded in the hip-
pocampus of adult rats exposed to Cu. As shown in Fig. 4, 
there was a significant increase in LPO levels (TBARS) in 
the hippocampus of the male and female Cu-treated animals, 
in a dose-dependent fashion as compared to the controls 
(F(3.32) = 14.43, p < 0.01).

NO levels in hippocampus (Fig. 5)

Statistical analysis has shown that Cu-0.5 and Cu-1 signifi-
cantly increase levels of Hippocampal NO in both sexes by 
112% and 126% respectively (F(3.32) = 12.30, p < 0.05), while 
Cu-0.25 non-significantly increased NO levels (+ 91%) 
(p < 0.05). Also, in female rats, Cu treatments at 0.5 and 
1 mg/kg significantly increased the level of NO in a dose-
dependent fashion compared to adult control rats by 78% 
(p < 0.05) and 94% (p < 0.01) respectively.

Antioxidant enzymes variation in hippocampus (Figs. 6, 7)

Alterations in the activities of antioxidant enzymes were 
recorded in the hippocampus of adult rats exposed to Cu. As 
shown in Fig. 6, SOD activity was significantly reduced in 
a rats of both sexes following Cu treatment (1 mg/kg) when 
compared with the control group (F(3.32) = 9.5, p < 0.01), 
while hippocampal SOD activities were non-significantly 
lower (p > 0.05) in rats exposed to Cu at 0.25 and 0.5 mg/kg 
compared to the control group. 
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Fig. 3   Effect of Cu administrations (0.25, 0.5 and 1  mg/kg i.p.) on 
Percentage of time spent in the correct quadrant in the probe trial of 
the MWM. Results are represented as mean ± SEM. *p < 0.05
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Fig. 4   Effect of Cu administrations (0.25, 0.5 and 1  mg/kg i.p.) 
on TBARS levels in hippocampus. Results are represented as 
mean ± SEM. *p < 0.05 and **p < 0.01
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Fig. 5   Effect of Cu administrations (0.25, 0.5 and 1  mg/kg i.p.) on 
Nitric Oxide (NO) levels in hippocampus. Results are represented as 
mean ± SEM. *p < 0.05 and **p < 0.01
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Fig. 6   Effect of Cu administrations (0.25, 0.5 and 1  mg/kg i.p.) on 
Superoxide Dismutase activity (SOD) in hippocampus. Results are 
represented as mean ± SEM. *p < 0.05 and **p < 0.01
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On the other hand, exposure to all three Cu concentra-
tions led to a significant decrease in hippocampal CAT 
activities of male adult rats (F(3.32) = 16.72, p < 0.05) (Fig. 7). 
In females, Cu injections at 0.5, 1  mg/kg significantly 
decreased activity of CAT compared to control rats by 54% 
(p < 0.05) and 68% (p < 0.01) respectively.

Discussion

This study was undertaken with the objective to evaluate the 
harmful effects of intraperitoneally administered Cu on rats’ 
memory functions and the possible involvement of OS in the 
toxic mechanisms of Cu exposure.

We demonstrate here that; in Y maze, the rats treated with 
Cu at a dose of 1 mg/kg have an impaired working memory 
compared to control rats. This finding is consistent with the 
study reported by Kumar et al. which demonstrated that % of 
alterations was significantly decreased in rats that received 
chronically (30 days to 90 days) oral Cu in dose of 200 mg/
kg [24]. Another finding of this study was the impaired spa-
tial learning and memory in rats of both genders in MWM 
test; Chronic Cu-intoxicated animals showed a significant 
prolongation of escape latency during the fourth acquisi-
tion days in comparison with the control rats. Also, a deficit 
of memorization was also shown in Cu-1 group during the 
Probe test in MWM. These effects appeared for the lower 
and the higher dose of the metal, especially in the group 
receiving the higher dose of Cu (1 mg/kg). Such results 
seems to confirm other recent findings, which have revealed 
that Cu administration can provoke impairments in spatial 
learning and memory of rats in the MWM [25, 40–42]. 
Conflicting finding have been reported in the study of Leiva 
et al. which demonstrated that Cu administered intraperi-
toneally at dose of 1 mg/kg for 30 days does not interfere 
with learning or memory process in the MWM [43]. A pos-
sible explanation for this discrepancy might be the duration 
of exposure to Cu or/and the variable response of different 

animal species to this metal. It has been shown that exposure 
to Cu for less than 30 days has no undesirable effects on 
memory function [44]. In addition, research studies on rats 
have reported an adverse effects on memory induced by Cu, 
while this is not the case for the mice [45]. Excessive Cu 
levels may result in cognitive problem in humans [46–48].

After crossing the BBB, Cu is distributed in different 
regions of the brain, in particular in the hippocampus which 
contains high levels of this metal [10, 49]. Some studies 
demonstrated that Cu is disponible in hippocampal neurons 
[50, 51]. In this sense, the impaired memory may be the 
result of the perturbation of the hippocampal circuits fol-
lowing Cu administration [52]. Several works have evaluated 
the effect of Cu on the neurotransmission systems, which 
perturbations can lead to cognitive dysfunction, such as cho-
linergic, glutamatergic and GABAergic systems [24–26]. As 
known, the cholinergic system is necessary in the memo-
ry’s process [53]. Pal et al. reported that Cu causes memory 
impairment by interfering with acetylcholine (ACh) func-
tion at the synapse and partly by decreasing acetylcholine 
esterase (AChE) activity in the hippocampus of rats [54]. 
The AChE Cu inhibition may be due to the impact of Cu on 
the catalytic site of the enzyme by an electrostatic interac-
tion implicating specific aminoacidic residues in the active 
site [55]. Concerning the effect of Cu on the glutamatergic 
system, it was demonstrated by Zhang et al. that; Cu can 
induce an increase of Glu content in the hippocampus [25], 
an excitatory neurotransmitter which participates in the 
signaling process through different types of glutamatergic 
receptors and contributes to memory formation [56]. Then, 
accumulation of excess extracellular Glu and subsequent 
overstimulation of ionotropic Glu receptors, leads subse-
quently to neuronal death.

In addition to monoamines impairments, OS induced by 
Cu was considered as one of the main mechanisms of Cu 
neurotoxicity [57, 58]. In fact, several studies reported that 
Cu-induced memory impairment is linked with increased OS 
within the hippocampus [21, 59]. As known, OS come as a 
result of an imbalance between the capacity of antioxidant 
defenses and formations of free radicals including NO [60, 
61], which subsequently attack membrane lipids, thus gen-
erating LPO [62]. Then, LPO leads to the gradual increase 
in membrane permeability and changes in receptor functions 
[63]. In our experiment, we have shown that LPO levels are 
significantly elevated in rat’s hippocampus following chronic 
administration of Cu during 2 months. Other authors also 
showed altered LPO levels following Cu exposure [21, 42]. 
Zhang et al. observed that higher doses of Cu (2–20 mg/kg) 
caused a significant increase in LPO [25].

The increased LPO suggested alteration of antioxi-
dants functions or/and over production of free radicals. 
This is confirmed by the findings of our study. We have 
revealed that the increased LPO levels induced by Cu 
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Fig. 7   Effect of Cu injections (0.25, 0.5 and 1  mg/kg i.p.) on Cata-
lase activity (CAT) in hippocampus. Results are represented as 
mean ± SEM. *p < 0.05 and **p < 0.01
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in hippocampus tissue are accompanied by a remark-
able decrease in SOD and CAT activities, indicating the 
prooxidant action of Cu. These results are in accordance 
with the works of Behzadfar et al. and Kalita et al. whom 
demonstrated that Cu administration enhanced the LPO 
damage with concomitant alterations in the enzymatic 
antioxidant defense status [21, 42]. The reduced synthesis 
of enzyme proteins provoked by high intracellular levels 
of Cu might be the cause of the decrease in both enzyme 
activities. As shown in the study of Yu et al.; Hippocam-
pal mitochondrial proteomic revealed that Cu treatment 
caused an abnormal expression of proteins associated to 
OS. Among these abnormally expressed proteins, SOD 
and Protein disulfideisomerase A3 (PDIA3), a protein that 
defend against OS-induced apoptosis [41], were signifi-
cantly decreased in mouse hippocampus [64].

In addition, the decrease in antioxidant enzymes in the 
rat hippocampus observed in the present study, may be the 
result of the incapacity of SOD and CAT to cope with the 
influx of NO, produced following Cu administration. It was 
reported that, excessive Cu encourage free radical genera-
tion [9]. In our study, Cu-provoked OS was linked with an 
elevated production of hippocampal NO, a free radical which 
can induce several neurotoxic effects [65]. Other research 
declared that Cu can increase the NO levels in the brain of 
rats [66, 67]. Moreover, Manto et al. reported that Cu can 
increase the generation of NO by stimulating the transcrip-
tion of NO synthase (NOS) [68], an enzyme catalyzing the 
production of NO [69]. Once in excess, NO can form the ion 
peroxynitrite (ONOO−) after its reaction with the superoxide 
ion (O2

−), a toxic molecule which can oxidize several mol-
ecules including lipids, ending by LPO [70]. Taken together, 
Cu contributes to increasing NO levels and severely weakens 
the antioxidant systems; such effects increase oxidative dam-
age which subsequently disrupts neuronal function [71], thus 
causing a progressive deterioration of the memory function 
[72, 73].

As observed in our work; the effects of Cu on memory 
functions and OS were sex dependent, they being slightly 
marked in female compared to male rats. A possible explana-
tion of these differences suggests the implication of gonadal 
hormones in the modulation of cognitive impairments. The 
estrogens were found to favorite the Cu retention [74], which 
makes the females more vulnerable to the neurotoxic effects 
of Cu. The sex-related effect is shown also for other met-
als such Cd, Ni and Al [75–77]. Further experiences are 
needed to explicate the gender difference in the neurocogni-
tive effect of this metal.

In conclusion, our study showed that chronic intraperi-
toneal injection of different concentrations of Cu alters rat 
learning ability and memory in a manner that correlates 
with the OS in the hippocampus, which may be the possible 
mechanism.
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