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Abstract Animal models of copper toxicosis rarely exhibit
neurological impairments and increased brain copper accumu-
lation impeding the development of novel therapeutic ap-
proaches to treat neurodegenerative diseases having high
brain Cu content. The aim of this study was to investigate
the effects of intraperitoneally injected copper lactate (0.15mg
Cu/100 g body weight) daily for 90 days on copper and zinc
levels in the liver and hippocampus, on biochemical parame-
ters, and on neurobehavioral functions (byMorris water maze)
of male Wistar rats. Copper-administered animals exhibited
significantly decreased serum acetylcholinesterase (AChE)
activity and impaired neuromuscular coordination and spatial
memory compared to control rats. Copper-intoxicated rats
showed significant increase in liver and hippocampus copper
content (99.1 and 73 % increase, respectively), 40.7 %
reduction in hepatic zinc content, and interestingly, 77.1 %
increase in hippocampus zinc content with concomitant in-
crease in copper and zinc levels in serum and urine compared
to control rats. Massive grade 4 copper depositions and grade
1 copper-associated protein in hepatocytes of copper-
intoxicated rats were substantiated by rhodanine and orcein

stains, respectively. Copper-intoxicated rats demonstrated
swelling and increase in the number of astrocytes and copper
deposition in the choroid plexus, with degenerated neurons
showing pyknotic nuclei and dense eosinophilic cytoplasm. In
conclusion, the present study shows the first evidence in vivo
that chronic copper toxicity causes impaired spatial memory
and neuromuscular coordination, swelling of astrocytes,
decreased serum AChE activity, copper deposition in the
choroid plexus, neuronal degeneration, and augmented levels
of copper and zinc in the hippocampus of male Wistar rats.
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Introduction

Copper (Cu) is an indispensable trace element that plays a key
role in the biochemistry of all organisms; but conversely,
excess of Cu is highly cytotoxic as it can generate extremely
damaging free hydroxyl radical production unless homeosta-
sis is tightly regulated. Cu is present throughout the brain,
being most prominent in the hippocampus, basal ganglia,
cerebellum, and numerous synaptic membranes [1]. Several
central nervous system enzymes such as Cu/Zn superoxide
dismutase, ceruloplasmin, dopamine β-hydroxylase, and
cytochrome c oxidase are dependent on Cu for their function.
Recent studies have implicated alterations in Cu homeostasis,
directly or indirectly, in the pathogenesis of numerous
neurological and neurodegenerative diseases like Parkinson’s
disease (PD), Alzheimer’s disease (AD), prion disease, and
Wilson’s disease (WD) [2].

Animal models play an important role in the study of Cu
homeostasis. However, animal models of Cu toxicosis rarely
show any apparent neurological abnormalities and brain Cu
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accumulation, highlighting the urgent need of an animal
model of Cu toxicosis with high brain Cu content and
neurobehavioral impairments [3, 4]. Various experiments
to produce a rat model of Cu toxicosis having high brain
Cu levels and neurobehavioral impairments by loading a
large dose of Cu have not succeeded [5, 6]; albeit, rats tend
to accumulate Cu in the liver by binding to metallothionein
(MT) [7]. Recently, Fujiwara et al. [8] and Leiva et al. [9]
studied the effect of Cu toxicity in Wistar rats by adminis-
trating 1 ppm CuSO4 dissolved in drinking water for 6 weeks
and 1 mg/kg CuSO4 dissolved in saline by intraperitoneal
(i.p.) route for 30 days, respectively, and reported that there
is neither any significant accumulation of Cu in the brain nor
any neurobehavioral manifestations. Ozcelik et al. [10] had
also reported a marginal accumulation of Cu in the brain of
Wistar rats by chronic Cu administration (Cu at a dose of
1 g/L for 4 weeks in drinking water).

However, these studies had a major shortcoming in choos-
ing either the drinking water route or adult rats for Cu admin-
istration. Drinking water uptake by individual rats can be
highly variable and a single i.p. injection of Cu dose is efficient
over divided smaller Cu doses for over 24 h in drinking water.
Neonatal animals are more vulnerable to Cu poisoning, prob-
ably because of the immaturity of biliary excretory mecha-
nisms (which is main route for Cu excretion from the body)
and high proficiency of Cu absorption. This may describe the
reason why Cu toxicity-related cirrhosis in humans, such as
Indian childhood cirrhosis (ICC), is limited mainly to young
kids (range, 6 months to 5 years) [11]. Further, neonates have
high hepatic Cu levels, which are nearly equal to those ob-
served inWD patients, i.e., >250mg/kg dry weight [12, 13]. In
this study, we have used the i.p. route for inducing Cu intox-
ication by Cu lactate solution because the lactic acid–Cu
complex has a low pK (around 2 to 3), so lactic acid may
function as Cu carrier to tissues.

Cu concentrations in different regions of the brain and
oxidative stress in the brain upon Cu intoxication have been
well documented in many studies, and the hippocampus has
been shown to have the highest concentration of Cu [8, 9].
Further, the hippocampus is the region of the brain associ-
ated with learning and memory processes [14].

Acetylcholinesterase (AChE) is a crucial enzyme in
the nervous system of vertebrates. AChE activity has
been shown to be affected by metals viz. Cu and Zn
[15], and AChE has a key role in neurophysiological
and neuromodulatory functions.

Taking into account the previously mentioned facts, it
was considered of interest to investigate whether chronic Cu
intoxication leads to an increase in Cu content in the hippo-
campus region of the brain, histopathological changes, and
any neurobehavioral abnormalities in Wistar rats. In this
study, we have reported the effect of chronic Cu intoxication
with relation to Cu and Zn levels, neurobehavioral

functions, as well as histopathological changes in male
Wistar rats with special reference to the brain.

Materials and Methods

Animals

Male Wistar rats in the weight range of 60–80 g (starting at
3 weeks of age) were procured from the institute animal house
of PGIMER, Chandigarh, India. All the rats were housed in
polypropylene cages (one animal per cage), kept in well-
ventilated rooms (22±2 °C), and maintained in a 12-h light–
dark cycle. Neurobehavioral testing was carried out during the
light cycle. The rats were fed standard rat chow (for a detailed
composition of the diet, see Supplementary Table 1) and water
ad libitum. All animal experiments were carried out with the
approval and guidelines of the Institutional Animal Ethical
Committee (IAEC-161).

Reagents

Coppe r ch lo r ide , h i s to log i ca l g rade fo rma l in ,
dimethylaminobenzylidene rhodanine, Congo red, and Cu
and Zn standard solutions assigned for atomic absorption
spectrophotometry (AAS) (Sigma-Aldrich Co., Germany),
S-acetylthiocholine iodide (SRL), orcein (BDH), and lactic
acid (Qualigens) were purchased. All the other reagents and
chemicals used in this study were of analytical grade.

Experimental Design

The LD50 for copper chloride by i.p. route in rats was reported
to be 14.7 mg/kg body weight (BW) [Material Safety Data
Sheet (MSDS, Sigma Aldrich)]. A previous study by Narasaki
[16] reported that 36 rats intraperitoneally injected with cop-
per lactate solution (0.15 mg Cu/100 g BW) for 6 months did
not die of Cu toxicity (copper lactate solution consisted of
lactic acid and copper chloride). The same study also docu-
mented that carrier mimicking the Cu lactate solution, the
sodium lactate solution, when administrated intraperitoneally
for 6 months, has been demonstrated to cause no major effect
on Cu levels in various tissues (viz. liver, kidney, brain, and
other tissues), tissue histology of various tissues, and other
vital biochemical parameters in Wistar rats using a larger
group of animals (n=25); thus, ethically saving the animals
in the present study. Therefore, an appropriate dose for chronic
Cu intoxication at 0.15 mg Cu/100 g BW was chosen in the
current study. Pregnancy and hormonal changes has been
reported to elevate copper in the urine, so female Wistar rats
were not chosen for the study [17].

The schematic representation of the neurobehavioral tests
is depicted in Supplementary Fig. 1a. Male Wistar rats in the
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weight range of 60–80 g (starting at 3 weeks of age) were
randomly divided into two groups having eight animals in
each group:

Control group: i.p. injection of isotonic sodium chloride
solution daily for the period of 90 days.
Copper intoxication group: i.p. injection of copper lac-
tate solution (0.15 mg Cu/100 g BW) daily for the
period of 90 days. The copper lactate solution was
prepared by using lactic acid and copper chloride:
10 ml of 0.17 % copper chloride solution in 0.15 M
HCl was combined with 3.3 ml of 75 % lactic acid. The
pH of the mixture was adjusted to 7.4 with sodium
carbonate [16, 18].

After 90 days of Cu intoxication, rats were used for
neurobehavioral studies, as depicted in Supplementary
Fig. 1a. During the course of neurobehavioral studies, nei-
ther Cu-intoxicated group rats were i.p. injected with copper
lactate nor were the control group rats i.p. injected with
normal saline.

Collection and Preservation of Blood, Urine, and Tissue
Autopsy Samples

The serum was separated from blood obtained from animals
by retrobulbar blood vessel stab with a glass capillary on the
30th, 60th, and 90th day of the study in sterile Cu-free and
Zn-free containers. Urine samples were collected in sterile
Cu-free and Zn-free containers containing 0.2 ml of 10 %
thymol under paraffin oil by placing the animal in metabolic
cage for 24 h. The collected urine was centrifuged at
4,000×g for 5 min at 4 °C to remove debris and stored at
−80 °C till further processing. All the animals were weighed
on an interval of 10 days throughout the study.

All the animals were sacrificed on the 99th day of the
study after the completion of neurobehavioral studies under
ether anesthesia, and the weight of liver and kidney tissues
was recorded. Tissue autopsy samples for Cu and Zn quan-
tifications (liver, kidney, and hippocampus) were collected
in normal saline solution and stored in sterile Cu-free and
Zn-free containers at −80 °C till further processing. Liver,
kidney, and brain tissues were fixed in formalin for histo-
pathological studies. All the glassware used in Cu and Zn
estimations were soaked in concentrated HCl for 24 h and
rinsed several times in deionized water before use. Tissues
were cut with clean stainless steel scalpel blades.

Measurement of Biochemical Parameters, Serum AChE
Activity, and Ceruloplasmin

Serum glutamic oxaloacetic transaminase (SGOT), serum
glutamic pyruvic transaminase (SGPT), urea, creatinine,

urinary creatinine, and proteinuria were determined spectro-
scopically using an autoanalyzer (Modular P800, Roche,
Germany) on the 30th, 60th, and 90th day of the study.
Serum ceruloplasmin activity was measured as Cu oxidase
activity by using p-phenylenediamine dihydrochloride as a
substrate as described by Ravin [19]. Serum AChE activity
was determined by the Ellman method. Enzyme activity was
measured spectrophotometrically at 412 nm and calculated
using the molar extinction coefficient of 5-mercapto-2-
nitrobenzoic acid (13.6×103 M−1 cm−1) [20].

Neurobehavioral Studies

Motor Function Test

Rotarod test was carried out to evaluate the muscle strength
and coordination in movement of the animals [21]. As a part
of the test procedure, the animals were initially trained to
maintain themselves on the rotating rod at 15 rpm for a
period of more than 3 min (three trials of more than 3 min
each). Subsequently after a period of 24 h, the animals were
again screened for their ability to remain on the rotating rod
for three successive trials of 3 min each. The values were
reported as mean of three trials.

Memory Function Test

Morris Water Maze Test

The Morris water maze (MWM) test was carried out to
study the spatial learning and memory by the method of
Morris, with slight modifications [22]. Twenty-four
hours before the MWM testing, all animals were habit-
uated to water and the MWM apparatus. The MWM
apparatus was located in a room with numerous extra
maze cues that remained constant throughout the exper-
iment. The water in the tank was made opaque by the
addition of powdered milk and the temperature of the
water in the tank was maintained at 22±2 °C through-
out the study. The time and track taken to reach the
platform were recorded by a video camera overhead.
The data for the MWM test was analyzed by the
AnyMaze™ software. At the end of each swimming
trial, the animals were removed, dried off with a paper
towel, and placed under a heat lamp and then back into
the cages.

Acquisition Test As a part of the MWM test procedure, the
animals were trained to escape from water by swimming to a
hidden platform in a dark circular water tank (180 cm in
diameter) which was filled with water up to 8 cm from the
top of the tank. A platform with an 8×8-cm top surface was
placed in the middle of one quadrant about 24 cm from the
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side. The top surface of the platform was submerged about
2 cm below the surface of the water. The animals were
allowed to swim freely and trained to find the platform,
which was under the water and served as a “rescue” from
the stress situation, by using visual extra maze cues. In the
navigation tank, the place of the platform was the same on
each day, but the starting point of the animal varied. This
method requires a long-term spatial memory and learning.
All animals were given four training trials per day of 60 s
each trial (acquisition) on days 1 to 4. On each training trial,
the animal was placed into the water with its nose facing the
side of the tank at one of four randomly selected locations
corresponding to each quadrant of the maze and was
allowed 60 s to find the hidden platform. If the animal was
unable to locate the hidden platform, it was lifted out and
placed on the platform for 15 s and its escape latency was
recorded as 60 s. From days 1 to 5, time taken to locate the
hidden platform (escape latency) and the swimming speed
were recorded.

Retrieval Test (Probe Trial) On sixth day, the platform
was removed and each animal was placed in the pool
at the same randomly selected location and allowed to
swim for 60 s. The number of entries and time spent in
the target quadrant 1 (where the platform had been
positioned on days 1 to 5) along with platform crossings
(number of entries in the platform zone area; 8×8 cm area)
was recorded. The fifth day acquisition test is considered
a measure of spatial reference memory, and the retrieval
(probe) test is considered a measure of the strength of
spatial memory.

Measurement of Cu and Zn Ion Concentrations by Atomic
Absorption Spectrophotometry

The concentrations of Cu and Zn in serum, urine, and tissue
samples were measured by a flame (an air–acetylene burner)
AAS (AAnalyst 400, PerkinElmer) [23]. The urine and
serum samples were appropriately diluted (10 times) with
ddH2O to be in the linear absorption range of the calibration
curve. For tissue samples, ∼50 mg of tissue was digested
with 1:1 perchloric acid and nitric acid in hot air oven and
diluted five times with 10 mM HNO3 before measurement
by AAS. The instrument was calibrated using the Sigma
standards of Cu and Zn. Bovine liver standard reference
material SRM1577 obtained from the National Bureau
of Standard (Washington, DC, USA) was used as stan-
dard reference material for quality control. Each sample
was measured two to three times and reported as the
mean, and the concentrations of Cu and Zn were de-
rived by comparing absorption with the calibration
curve. The Cu and Zn estimations were carried out in
a blinded experiment.

Histopathological Studies (Rhodanine, Orcein, H&E,
and Congo Red Stain) and Grading of Cu and Cu-Associated
Protein

Tissues from the liver, kidney, and brain were obtained as 5-
mm-thick sections, fixed with 10 % neutral formalin for more
than 12 h, dehydrated, embedded in paraffin, sectioned at
5 μm, mounted on glass slides, and stained with hematoxylin
and eosin (H&E) stain, orcein stain for Cu-associated protein
[24], rhodanine stain for Cu [25], and high-pH Congo red
stain for amyloid formation [26]. Liver and brain sections of
an ICC and AD patient, respectively (proven cases of ICC and
AD patients enrolled in the histopathology department of
PGIMER, Chandigarh, India), were taken as positive controls
for rhodanine and Congo red stain evaluation. For all the
staining studies, negative control tissues (tissues from control
animals) were also stained and evaluated.

Hepatocyte copper stainability was expressed as grade 1
for absence or rare rhodanine-stained granules in the cyto-
plasm of an occasional hepatocytes; grade 2 for few
rhodanine-stained granules in randomly distributed hepato-
cytes; grade 3 for variable numbers of rhodanine-stained
granules in hepatocytes, predominantly in the centrilobular
area of many lobules; grade 4 for presence of rhodanine-
stained granules in many hepatocytes of all lobules; and grade
5 for abundant rhodanine-stained granules in most hepato-
cytes [27]. Cu-associated protein stainability was expressed
as grade 0 for negative, grade 1 for mild staining, grade 2 for
moderate staining, and grade 3 for heavy orcein staining in the
cytoplasm of hepatocytes [28].

Statistical Analysis

All values were expressed as the mean±standard error of the
mean (SEM) of eight animals in each group. Unpaired
Student’s t test and Mann–Whitney rank sum test were used
for analysis of the data, and values with p<0.05 were
considered statistically significant. All the calculations were
carried out by the SigmaStat computer software program.

Results

Body Composition Changes

Cu-intoxicated animals showed significantly lower growth
rate in terms of weight gain from day 70 onwards (28.9 %
less weight gain on the 90th day) when compared to control
group animals (Supplementary Fig. 1b). Liver and kidney
tissue weights (wet weight) expressed relative to BW did not
show significant difference between control and Cu-
intoxicated groups (Supplementary Table 2). The autopsies
revealed fibrotic peritonitis and peripheral areas of pale
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hepatic tissue, swollen and slightly demarcated from adjacent
tissue in liver lobes (data not given).

Biochemical Parameters in Rats Exposed to Chronic Cu
Toxicity

SGOT, SGPT, and serum urea levels in the Cu-intoxicated
group were markedly increased, indicating chronic hep-
atitis and kidney damage on the 90th day of the study
(Supplementary Table 3). Importantly, serum AChE activity
was significantly decreased in the Cu-intoxicated group as
compared to the control group [AChE activity (in units per
liter), 0.19±0.01 in the control group compared to 0.08±0.01
in the Cu-intoxicated group; p<0.01 with respect to the con-
trols]. Serum ceruloplasmin levels were considerably in-
creased in Cu-intoxicated animals compared to control
animals [serum ceruloplasmin (in milligrams per deciliter),
29.3±0.5 in the control group compared to 47.9±1.1 in the
Cu-intoxicated group; p<0.01 with respect to the controls].

The concentration of serumCuwas found to be significantly
increased in the Cu-intoxicated group as compared to the
control group [serum Cu (in micrograms per deciliter), 140.9
±1.1 in the control group compared to 386.3±17.9 in the Cu-
intoxicated group; p<0.01 with respect to the controls]. Serum
Zn levels were marginally high in the Cu-intoxicated animals
as compared to the control animals [serum Zn (in micrograms
per deciliter), 126.7±4.8 in the control group compared to
198.1±31.8 in the Cu-intoxicated group; p<0.05 with respect
to the controls]. Proteinuria and urinary Cu and Zn levels were
also found to be substantially increased in the Cu-intoxicated
group compared to the control group (Table 1).

A massive 99.1 % increase in hepatic Cu content along
with substantial increase in hippocampus and kidney tissues

Cu content (73 and 74.9 % increase, respectively) was ob-
served in the Cu-intoxicated group compared to the control
group. Interestingly, Zn levels in the hippocampus region of
brain and kidney tissues were also significantly increased in
the Cu-intoxicated group (77.1 and 63.4 % increase, respec-
tively) to that of the control group. However, 40.7% reduction
in hepatic Zn levels was observed in the Cu-intoxicated group
compared to the control group (Table 1).

Chronic Cu Toxicity Decreases the Neuromuscular
Coordination

The rotarod test revealed a noticeable impairment in muscle
strength and coordination in Cu-intoxicated rats (Fig. 1). The
average retention time was reduced by 60.4 % in the Cu-
intoxicated group animals as compared to the controls. None
of the Cu-intoxicated rats could maintain themselves on the
rotating rod for the full quota of the cutoff time (180 s).

Chronic Cu Toxicity Impairs Spatial Memory

Acquisition Test

The MWM was carried out to test memory functions. The
swimming speed and time taken to locate the hidden plat-
form (escape latency) in the water maze from days 1 to 5 are
illustrated in Figs. 2 and 3, respectively. Figure 5 shows the
schematic representation of the acquisition and retrieval
(probe) tests conceptually divided into four quadrants. The
swimming speeds of each group remained constant through-
out (days 1 to 6) the water maze testing, including both
acquisition and retrieval (probe) testing, with no significant
difference to be found between Cu-intoxicated and control
groups on each day (Fig. 2). During the 5 days of acquisition
test, the performance of all animals (control as well as Cu-
intoxicated animals) improved progressively, which was
established by their decreased escape latencies over the tri-
als (Fig. 3). Overall analysis showed that there was a sig-
nificant effect of chronic Cu intoxication on average escape
latency demonstrated by statistically increased escape laten-
cy in the Cu-intoxicated group from days 3 to 5 as compared
to the control group (Fig. 3). The plot curve shows the path
followed by Cu-intoxicated and control rats, which clearly
shows that, with chronic Cu toxicity, rats were a little confused
and took more time to locate the hidden platform (Fig. 6). The
observed constant swimming speed throughout the MWM
testing in both groups suggested that motor function was not
the underlying determinant for the prolonged latencies. It is
important here to remark that altered/impairedMWM learning
is independent of locomotor deficits because land-based loco-
motor impairments do not affect the swimming speed and
escape from water is relatively immune from body mass
differences or activity of the animals [14].

Table 1 Liver, hippocampus, kidney, and urine metal content (Cu and
Zn) of rats exposed to chronic Cu toxicity (90 days)

Parameters Control group Cu-intoxicated group

Liver Cu 4.7±0.2 546.9±90.5**

Hippocampus Cu 1.9±0.2 7.0±0.6**

Kidney Cu 5.0±0.2 19.9±2.0**

Liver Zn 26.8±1 15.9±1.7**

Hippocampus Zn 10.6±0.4 46.2±1.8**

Kidney Zn 21.1±0.1 57.7±3.7**

Urine Cu 0.3±0.04 4.4±1.60**

Urine Zn 0.2±0.01 7.4±1.30**

Proteinuria (mg/dl) 41.4±4.2 226.9±25.9**

Metal content of tissue Cu and Zn expressed as micrograms Cu per
gram and micrograms Zn per gram of wet tissue weight, respectively).
Metal content of urine Cu and Zn expressed as micrograms Cu per
milligram creatinine and micrograms Zn per milligram creatinine,
respectively. Values are expressed as the mean±SEM (n=8/group)

*p<0.05, ** p<0.01; statistical significance with respect to controls
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Retrieval (Probe) Test

The effects of chronic Cu toxicity on the number of entries
and time spent in the target quadrant where the platform had
been located during the first 5 days of testing and platform
zone crossings (the 8×8-cm area) are shown in Fig. 4. The
chronic Cu intoxication in animals was associated with
inferior performance in the retrieval (probe) test 24 h after
the acquisition test. The chronic Cu-intoxicated group ani-
mals spent significantly less time than control animals in the
target quadrant (Fig. 4a). The number of target quadrant
entries in the case of Cu-treated animals was significantly
reduced when compared to the controls (Fig. 4b). Cu-
intoxicated animals showed a decline in their ability to
recognize the area where the platform was placed; the values
for the number of platform zone crossings for the Cu-
intoxicated group were significantly less when compared
to the control animals (Fig. 4c).

Cu-Intoxicated Rats Showed Cu Deposition in the Liver
and Brain Tissues and Cu-Associated Protein in Liver Tissues

Histopathological observations of the liver and kidney tis-
sues of the Cu-intoxicated group animals were consistent
with the data on serum biochemistry analysis, indicating
chronic hepatitis. H&E staining showed pigments, but no
frank necrosis was observed in the liver tissues of Cu-
intoxicated animals. Further, mild lymphomononuclear in-
flammatory infiltrate was seen in the portal tracts. Grade 4
and grade 3 Cu depositions (Fig. 8a and Supplementary
Fig. 2, respectively) and grade 1 Cu-associated protein
(Fig. 8b) were observed in the cytoplasm of the hepatocytes
with rhodanine and orcein stain, respectively, along with
Kupffer cell hyperplasia (Supplementary Fig. 2) in the liver
tissue of Cu-intoxicated animals. Cu deposition was found
in the choroid plexus (Fig. 7a). Astrocytes swelling (Fig. 7c,
d) as well as increase in the number of astrocytes (Fig. 7b)
was observed in the cerebral cortex region of the brain in the
Cu-intoxicated group. In addition, neurons showed pyknotic
nuclei with dense eosinophilic cytoplasm indicating neuro-
nal degeneration (Fig. 7e). Congo red stain did not reveal
any amyloid deposition in the brain sections of Cu-
intoxicated rats (Supplementary Fig. 4). Renal tubular epi-
thelial cells also demonstrated Cu deposition in the kidney
sections of Cu-intoxicated animals (Supplementary Fig. 6).
Liver (Supplementary Fig. 3A–C), brain (Supplementary
Fig. 5), and kidney (Supplementary Fig. 7) sections of
control group rats did not show any histological changes,
Cu deposition, and Cu-associated protein.

Discussion

The present study demonstrated a rat model of copper tox-
icity by administration of copper lactate intraperitoneally for
3 months, which exhibited neurobehavioral, hepatological,
and renal abnormalities corroborated by augmented levels of

Fig. 1 Effect of copper
intoxication on the
neuromuscular coordination in
rats using the rotarod test.
Values are the mean±SEM of
eight animals. ***p<0.001,
significantly different from the
control group

Fig. 2 Effect of copper intoxication on the swimming speed of the rats
in the MWM test. Values are the mean±SEM of eight animals. No
significant difference was found between swimming speed of control
and Cu-intoxicated rats during the 5 days of acquisition test
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Cu in the hippocampus, liver, and kidney tissues of Cu-
intoxicated male Wistar rats, respectively. There is growing
acceptance in the scientific literature about the role of in-
creased brain Cu content in the pathogenesis of AD, PD, and
WD [29]. In particular, WD patients with neurological man-
ifestations have significantly elevated Cu levels in cerebro-
spinal fluid (CSF) [30, 31] and threefold to fourfold
increased concentration of Cu in the brain [32, 33]. For the
first time, we demonstrated that Cu-intoxicated Wistar rats
reported in the present study showed significant Cu accu-
mulation (3.7-fold) in the hippocampus (Table 1), decreased
neuromuscular coordination (Fig. 1), and impaired spatial
memory (Figs. 2, 3, 4, 5, and 6) compared to control rats.
These findings are of great significance because animal
models of Cu toxicosis rarely develop neurological symp-
toms due to non-accumulation of Cu in the brain [4, 8].
Though the mechanisms for Cu transport into the brain are
not fully understood, it has been shown that Cu is loosely
bound to albumin in serum [34], and there is a possibility
that Cu ions may be released from the albumin-bound
moiety at brain barriers and these free Cu ions are then
transported into the brain. The observed Cu deposition in
the choroid plexus by rhodanine stain in the brain of Cu-
intoxicated rats (Fig. 7a) is in accordance with the findings

of Choi and Zheng [35], who have shown that, with an in
situ brain perfusion technique in the rat brain, among three
Cu species, i.e., free 64Cu, 64Cu-ceruloplasmin, and 64Cu-
albumin, the volume of the distribution of free 64Cu in the
choroid plexus is about 100 and 50 times greater than that of
64Cu-ceruloplasmin and 64Cu-albumin, respectively. Recent
findings indicate that, among the cerebral capillary, CSF,
choroid plexus, and brain parenchyma (neurons and glial
cells), the choroid plexus shows the highest capacity in
acquiring Cu from the blood circulation [35, 36].

It is noteworthy here to mention that rhodanine does not
stain the tissue samples having Cu concentration below
0.9 mmol/kg (∼57 μg/g dry weight) [37], which indicates
that Cu levels in the choroid plexus unquestionably have
increased above 0.9 mmol/kg, supporting the findings of
Choi and Zheng [35]. In accordance, we failed to detect Cu
in the hippocampus (7.0±0.6 μg Cu/g of wet tissue weight)
of Cu-intoxicated animals by rhodanine stain. Zatta and
Franj [38] had reported a factor of approximately 3.18 for
calculating wet weight to dry weight of tissues. Further,
astrocytes swelling (Fig. 7c, d; Alzheimer type II astrocytes
as observed in WD patients) [39–41] and increase in number
of astrocytes in the brain of Cu-intoxicated rats were also
documented (Fig. 7b), which may be probably because of

Fig. 3 Effect of chronic copper
intoxication on the time taken
by the rats to locate the hidden
platform (escape latency)
during 5 days of acquisition
test. Values are the mean±SEM
of eight animals. *p<0.05, **p
<0.01; significantly different
from the control group

Fig. 4 Effect of chronic copper intoxication on the a time spent in the
target quadrant 1; b number of entries in the target quadrant 1; c
platform crossings [number of entries in the platform zone (8×8 cm

area)] by the rats using the retrieval (probe) test of MWM. Values are
the mean±SEM of eight animals. **p<0.01; significantly different
from the control group
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the neuroprotective mechanism against direct or indirect Cu-
induced damage [42], supporting the astrocytes’ role as Cu
depot hypothesis [43]. However, orcein staining indicated
that Cu-binding protein was not detected in histopathologi-
cal studies of the brain of Cu-intoxicated animals. In agree-
ment with our observations, Haywood et al. [40]
demonstrated increased immunoreactivity for MT and in-
creased rhodanine staining for Cu in astrocytes with
343.5 μg Cu/g in the brain of North Ronaldsay sheep, which
shows an abnormal sensitivity to dietary Cu. However, no
Cu deposition was found in the astrocytes in our study.
Astrocytes are implicated in the etiologies of many central
nervous system diseases, and astrocytes are the likely sites
of deposition for certain metals, especially lead (Pb) and Cu
[43, 44]. The role of astrocytes in Cu toxicity warrants
further studies. Degeneration of neurons has been reported

in many neurodegenerative diseases [2, 29] and we have
reported Cu intoxication-induced neuronal degeneration in
the brain of Cu-intoxicated animals (Fig. 7e).

Chronic Cu toxicity resulted in a striking impairment of
motor coordination in animals, as shown by the significant
decline in retention time on the rotarod apparatus (Fig. 1).
Cognitive functions are considered as sensitive markers of
neurotoxicity [45]. The MWM has often been used for the
confirmation of rodent models for neurocognitive disorders
and evaluation of possible neurocognitive treatments [46].
Chronic Cu-intoxicated animals reported in the present stud-
y showed marked impairment to learn the spatial clues to
locate the hidden platform, corroborated by significant pro-
longation of escape latency during the third to fifth acquisi-
tion training days compared to control animals (Fig. 3). In
contrast, control animals showed progressively decreased

Fig. 5 Schematic presentation
of acquisition and retrieval
(probe) test. The dark circle in
target quadrant 1 in the
acquisition test represents the
platform zone (8×8 cm area)

Fig. 6 The acquisition and
retrieval plot curve analyzed by
AnyMaze™ showing the path
followed by the Cu-intoxicated
group and the control group
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escape latency during the third to fifth acquisition training
days, suggesting that chronic Cu toxicity may produce sub-
tle effects related with impaired ability to learn a unique task
in Cu-intoxicated animals (Fig. 3). Plot curve analysis of
acquisition and retrieval (probe) test (Fig. 6) suggests that
the impairment of learning and memory performance are
induced by Cu intoxication.

The observed impairment of learning and memory pro-
cesses in Cu-intoxicated animals may be because of the
neurotoxic effects of Cu toxicity on AChE activity
[47–49]. Importantly, the observed decreased activity of
serum AChE in Cu-intoxicated rats reported in the present
study may have caused increased accumulation of acetyl-
choline in the synapse, causing dysfunctioning of nerve
transmission, which may be accountable for the alteration
in behavioral activity. Evidence from both animals and
human studies has shown the significance of the central
cholinergic system in learning, memory, and cognition
[47]. AChE has been recently shown to be involved in the
induction of neurobehavioral effects probably by affecting
the “cholinergic anti-inflammatory pathway” in female
Wistar rats exposed to dust from Cu smelters [48]. Recently,
Cu accumulation in the hippocampus and striatum has been
documented to cause behavioral changes in toxic milk mice,
an animal model of WD [50].

The observed increased hippocampus Cu accumulation,
degenerating neurons, and neurobehavioral and memory
impairments in the Cu-intoxicated rats, along with the fact
that Cu can bind to amyloid precursor protein (APP), a key
regulator of neuronal Cu homeostasis [51], led us to do
Congo red staining to look out for amyloid deposition in
the brain sections of around 4-month-old Cu-intoxicated
rats, but we found no amyloid deposition in any of

the brain sections (Supplementary Fig. 4). APP potenti-
ates the human Aβ-mediated neurotoxicity in vitro by
augmenting oxidative stress [51]. In addition, it has been
hypothesized that chronic Cu exposure might hasten the AD
pathology, partially by upregulating APP expression in
animal models of AD [52].

Zn levels were also found to be increased in conjunction
with increased Cu levels in the hippocampus of Cu-
intoxicated rats (Table 1). This is an interesting finding since
Long-Evans Cinnamon rats (animal model of WD) exhibit
age-dependent increase in Zn content in various regions of
the brain [53] and an increase in brain Zn content has been
reported in AD patients which too have an increased serum
Cu and ceruloplasmin levels [54]. Under normal physiolog-
ical conditions, a sensitive balance exists between Zn, Cu,
and Aβ metabolism. The oxidative and nitrosative stress
may perturb this balance which results in Zn elevation and
amyloid deposition [55]. Thus, the observed increased
levels of Zn documented in the hippocampus of Cu-
intoxicated rats could be associated with oxidative stress
caused by Cu, since Cu toxicity is known to cause oxidative
stress in the brain [10]. Uncontrolled accumulation of Zn
may further result in Zn-induced oxidative stress and cyto-
toxicity. Notwithstanding, the low levels of Zn protect
against Aβ toxicity, while the excess of Zn released by
oxidants could trigger neuronal death [56].

Cytoplasm of the hepatocytes stained with rhodanine and
orcein stain demonstrated substantial Cu deposition along
with Kupffer cell hyperplasia (Fig. 8a and Supplementary
Fig. 2; corroborated by increased hepatic Cu content found
by AAS studies; Table 1) and Cu-associated protein in the
cytoplasm of hepatocytes of Cu-intoxicated animals
(Fig. 8b). It is important here to mention that MT has been

Fig. 7 Photomicrographs of brain sections of a rat intraperitoneally
injected with copper lactate for 90 days. a Note the copper deposition
in the choroid plexus (arrow). Left panel ×10 and right panel ×40.
Copper is reddish brown. Rhodanine stain. b Note an increase in the
number of astrocytes in the cerebral cortex section. H&E stain, ×10. c
Note the swelling of astrocytes showing eosinophilic (pink) cytoplasm

(Alzheimer type II cells; arrows). H&E stain, ×20. d Note the swelling
of astrocytes showing eosinophilic (pink) cytoplasm (Alzheimer type II
cells; arrows). H&E stain, ×40. e Note the pyknotic nuclei with dense
eosinophilic cytoplasm of degenerating neurons (arrow) in the cerebral
cortex section. H&E stain, ×20
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shown to be the biochemical counterpart of orcein-positive
material [28] which was found in the cytoplasm of hepato-
cytes of Cu-intoxicated animals (Fig. 8b). The liver is a
major site of Cu deposition with increased hepatic MT
content following a large ingestion of Cu [7] which is
corroborated with around 116-fold increase in hepatic Cu
content in Cu-intoxicated rats (Table 1). In contrast to the
brain, the hepatic Zn content was found to be decreased in
Cu-intoxicated rats (Table 1), which is consistent with the
findings of Sone et al. [57], who had also reported a reduc-
tion in hepatic Zn levels in rats upon excessive accumula-
tion of Cu in the liver.

SGOT and SGPT levels were significantly increased in
serum of Cu-intoxicated rats, indicating widespread tissue
damage (Supplementary Table 3). SGPT, a specific enzyme
of the liver, was threefold higher in Cu-intoxicated rats
compared to control rats. Increase in serum ceruloplasmin
levels in Cu-intoxicated rats reported in this study may be
attributed either to high availability of Cu for incorporation
into ceruloplasmin (upregulation of ceruloplasmin gene by
Cu ions) or ceruloplasmin itself is an acute phase protein, so
its synthesis can be induced by Cu toxicity. The augmenta-
tion in serum Zn levels may be attributed either to the
release of Zn from MT or upregulation of Zn transporters
by Cu ions, leading to an increase in Zn levels in extracel-
lular fluid and subsequent rise in serum Zn levels [58–60].
Chronic Cu intoxication also causes some toxic effects on
the kidney as well, as shown by marked proteinuria
(Table 1), increased serum urea (Supplementary Table 3),
and around fourfold increase in Cu content in kidney tissues
of these rats (Table 1). Rhodanine stain demonstrated Cu

accumulation in the renal tubular epithelial cells of Cu-
intoxicated rats (Supplementary Fig. 6). Cu-intoxicated rats
showed 16-fold and 37-fold increase in urinary Cu and Zn
levels, respectively, compared to control animals (Table 1).
The observed decrease in BW of Cu-intoxicated animals
(Supplementary Fig. 1b) can be explained on the basis of
progressive hepatitis (Supplementary Table 3), resulting in
compromised metabolism, especially lipid metabolism, due
to chronic liver failure. The nonsignificant changes in liver
and kidney weights expressed relative to BW in the Cu-
intoxicated group compared to the control group are parallel
to the observations documented by Haywood [61]. These
findings are consistent with the findings of Narasaki [16]
who had reported increased Cu content in the liver, brain,
and kidney tissues of Wistar rats that were exposed to Cu
lactate daily by i.p. route for over 160 days.

Taken together, the findings herein illustrate the first evi-
dence in vivo that male Wistar rats chronically injected with
copper lactate exhibited decreased neuromuscular coordina-
tion, impaired spatial memory, and decreased serum AChE
activity along with substantial accumulation of Cu and Zn in
the hippocampus, neuronal degeneration, Cu deposition in the
choroid plexus, and swollen as well as increased number of
astrocytes in the cerebral cortex region (Supplementary Fig. 8),
which might reflect the behavioral abnormalities observed in
metal dyshomeostasis-associated neurodegenerative diseases.
Therefore, the reportedWistar rat model provides a new animal
model of non-Wilsonian brain Cu toxicosis for studying not
only hepatic and brain Cu pathology but also for studying Cu
and Zn dyshomeostasis-related neurodegenerative diseases.
However, more studies on the various Cu transporters like

Fig. 8 Photomicrograph of the histopathological study of liver tissue
of Cu-intoxicated rat intraperitoneally injected with copper lactate for
90 days. a Grade 4 staining of copper deposition in the cytoplasm of
hepatocytes. Copper is orange-brick red. Rhodanine stain (left panel
×10, middle panel ×20, and right panel ×40), b grade 1staining of

copper-associated protein (arrow) (note the coarse dark brownish
granules of copper-associated protein) in the cytoplasm of centrizonal
hepatocytes. Oil immersion. Shikata’s orcein stain (left panel ×40 and
right panel ×100)
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Ctr1, Ctr2, DMT1, ATP7A, and ATP7B, Cu chaperones, and
mechanisms for Cu transport using molecular Cu imaging
techniques especially into the brain are needed to completely
elucidate the neuropathophysiological mechanisms of
Cu intoxication.
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