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Abstract In previous studies, we have reported first

in vivo evidence of copper deposition in the choroid

plexus, cognitive impairments, astrocytes swelling (Alz-

heimer type II cells) and astrogliosis (increase in number of

astrocytes), and degenerated neurons coupled with sig-

nificant increase in the hippocampus copper and zinc

content in copper-intoxicated Wistar rats. Nonetheless,

hippocampus iron levels were not affected by chronic

copper-intoxication. Notwithstanding information on dis-

tribution of copper, zinc and iron status in different regions

of brain due to chronic copper exposure remains frag-

mentary. In continuation with our previous study, the aim

of this study was to investigate the effects of intraperi-

toneally injected copper lactate (0.15 mg Cu/100 g body

weight) daily for 90 days on copper, zinc and iron levels in

different regions of the brain using atomic absorption

spectrophotometry. Copper-intoxicated group showed sig-

nificantly increased cortex, cerebellum and striatum copper

content (76, 46.8 and 80.7 % increase, respectively) com-

pared to control group. However, non-significant changes

were observed for the zinc and iron content in cortex,

cerebellum and striatum due to chronic copper exposure. In

conclusion, the current study demonstrates that chronic

copper toxicity causes differential copper buildup in cortex,

cerebellum and striatum region of central nervous system

of male Wistar rats; signifying the critical requirement to

discretely evaluate the effect of copper neurotoxicity in

different brain regions, and ensuing neuropathological and

cognitive dysfunctions.
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Introduction

Copper (29Cu
63.5) is the third-most abundant transition

metal in the brain. Owing to its redox activity, Cu serves as

a cofactor for key metabolic enzymes that mediate various

cellular processes, including neurotransmitter biosynthesis

(dopamine b hydroxylase), mitochondrial energy gen-

eration (cytochrome c oxidase), free radical detoxification

(Cu/Zn superoxide dismutase) and iron homeostasis

(ceruloplasmin) [1, 2]. There is uneven distribution of Cu

in different regions of the brain with variations reported in

different age groups [3], and species to species [4]. Aver-

age neural Cu concentrations are the order of 0.1 mM. [1].

Brain is particularly sensitive to free radical damage and

oxidative stress because of the high levels of polyun-

saturated lipids that are component of neuronal cell

membranes [5]. The abundance of Cu in the brain and its

strong redox activity necessitates tight control over Cu

homeostasis to evade oxidative injury to the central ner-

vous system (CNS) by uncontrolled Cu-elicited Haber–

Weiss and Fenton type reactions. Cells have therefore de-

veloped various protection mechanisms in event of drastic

increase in Cu concentration. The incorporation of Cu into

metallothionein (MT) is an example of cells defense

mechanisms to protect cell structure from Cu toxicity and

to prevent oxidative damage [6].

Imbalance in Cu, zinc (Zn) and iron (Fe) homeostasis

may lead to initiation and/or progression of several

& Rajendra Prasad

fateh1977@yahoo.com

Amit Pal

maximus1134@gmail.com

1 Department of Biochemistry, PGIMER, Chandigarh 160012,

India

123

Ind J Clin Biochem (Jan-Mar 2016) 31(1):93–98

DOI 10.1007/s12291-015-0503-3

http://crossmark.crossref.org/dialog/?doi=10.1007/s12291-015-0503-3&amp;domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12291-015-0503-3&amp;domain=pdf


neurodegenerative disorders, including Alzheimer’s dis-

ease (AD), Parkinson’s disease, amyotrophic lateral scle-

rosis and Huntington’s disease [7–10]. Cu, Zn and Fe play

paramount roles in neurodegeneration by affecting protein

structure (misfolding) and oxidative stress [10]. There is

mounting proof that Cu dyshomeostasis in AD patients

leads to oxidative stress and neurodegeneration [11] sub-

sequently resulting in memory deficits. Central cholinergic

system plays a significant role in learning, memory, and

cognition in both animals and humans [12].

Cu content in the brain is subdivided further into tightly

bound Cu and labile Cu pools. Labile brain Cu stores have

been demonstrated in the soma of cerebellar granular and

cortical pyramidal neurons, as well as in neuropil within the

cerebral cortex, cerebellum, hippocampus and spinal cord

[13]. Fujiwara et al. [14] have shown no significant effect of

Cu-intoxication (1 ppm CuSO4 dissolved in drinking water

for 6 weeks) on memory functions and Cu levels in different

brain regions of Wistar rats [14]. However, Leiva et al. [15]

have shown that Cu-intoxicatedWistar rats (1 mg/kg CuSO4

dissolved in saline by intraperitoneal (i.p.) route for 30 days)

exhibited 16.71 and 14.24 times greater Cu accumulation

than that found in control saline treated animals in the visual

cortex and dorsal hippocampus, respectively coupled with

suppression of long term potentiation (LTP) but without

significantly altering the learning and memory in the Morris

water maze (MWM) test [15]. Chronic Cu-intoxication has

been shown to induce memory deficits and/or neurotoxicity

with increase in Cu content of the brain, albeit, by use of

genetically compromised animals [16], diet supplemented

with high cholesterol [17], CuO nanoparticles [18] or by

bilateral common carotid artery occlusion [19] in ex-

perimental animals. However, these studies have not re-

ported Cu, Zn and Fe concentrations in different brain

regions of Cu-intoxicated animals. Long Evans cinnamon

(LEC) rats, an animal model of Wilson’s disease (WD),

rarely exhibits neurological abnormalities and increased

brain Cu content [14, 20, 21]. Interestingly, Terwel et al.

have reported memory deficits with neuroinflammation in

12 month old toxic milk mice, an another animal model of

WD and demonstrated that Cu content was increased in

striatum, hippocampus and cerebellum but unaltered in

cortex [22]; underlining, the critical requirement to evaluate

Cu along with Fe and Zn content and ensuing neurological

manifestations in these brain regions in other animal models

of Cu toxicosis.

Earlier, we have reported a Wistar rat model for non-

Wilsonian brain Cu toxicosis; documenting first in vivo

evidence of memory deficits in conjunction with Cu depo-

sition in the choroid plexus, decreased serumAChE activity,

astrocytes swelling (Alzheimer type II cells) accompanied

by astrogliosis (increase in number of astrocytes), degener-

ated neurons in cerebral cortex, and augmented levels of Cu

and Zn in the hippocampus of chronically Cu-intoxicated

male Wistar rats. In addition, liver sections of chronic Cu-

intoxicated rats showed grade 1 Cu-associated protein and

grade 4 Cu deposition by Shikata’s orcein stain and rhoda-

nine stain, respectively [23]. Importantly, MT has been

confirmed as the biochemical counterpart of orcein positive

material [24]. Further, chronic Cu toxicity resulted in mas-

sive increase in serum non-ceruloplasmin bound Cu coupled

with strong correlation between serum Cu and non-cerulo-

plasmin bound Cu, and grade 1 hemosiderin deposition in

Kupffer cells without altering hepatic and hippocampus Fe

levels in male Wistar rats [25].

The widespread distribution of Cu, Zn and Fe prereq-

uisite for normal CNS functioning, coupled with many

links between Cu, Zn and Fe dyshomeostasis and neu-

rodegenerative diseases, have impelled curiosity in study-

ing Cu, Zn and Fe content in striatum, hippocampus,

cerebellum and cortex in chronic Cu-intoxicated rats. In

this study, we have reported the effects of chronic Cu-

intoxication on Cu, Zn and Fe levels in different regions of

the brain with relation to development of neurodegen-

eration and neurobehavioral impairments in Wistar rat

model for non-Wilsonian brain Cu toxicosis.

Materials and Methods

Chemicals

Copper chloride, Cu, Zn and Fe standard solutions assigned

for atomic absorption spectrophotometry (AAS) (Sigma-

Aldrich Co., Germany), and lactic acid (Qualigens fine

chemicals) were purchased. All the other reagents and

chemicals used in this study were of analytical grade.

Animals and Experimental Design

Male Wistar rats in the weight range of 60–80 g were

procured from the institute animal house, PGIMER,

Chandigarh, India. All the rats were housed in the

polypropylene cages (one animal per cage), kept in well

ventilated rooms maintained at 22 ± 2 �C. The rats were

fed standard rat chow and water ad libitum. Institutional

Animal Ethical Committee (IAEC-161) consent was taken

and IAEC guidelines were strictly followed for all the

animal experimentation. Two groups of male Wistar rats,

each consisting of eight animals were used as follows:

Control group intraperitoneal (i.p.) injection of isotonic

sodium chloride solution daily for the period of 90 days.

For ethical reasons, group receiving sodium lactate so-

lution was not kept as it has been reported previously that it

does not alter any vital biochemical parameters and Cu

levels in various tissues in Wistar rats [23, 26].
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Cu-intoxication group: i.p. injection of Cu lactate solution

(0.15 mgCu/100 g. B.W.) daily for the period of 90 days [23].

Collection and Preservation of Tissue Samples

All the animals were sacrificed at the end of 99th day of the

study under ether anesthesia after completion of neurobe-

havioral studies [23], and brains were dissected into four

discrete regions (cortex, cerebellum, striatum and hip-

pocampus) by the method of Glowinski and Iversen [27].

Brain autopsies samples for Cu, Zn and Fe measurement

were cut with clean stainless steel scalpel blades. All the

samples were stored at -80 �C till further processing. All

the glassware used in Cu, Zn and Fe estimation were

soaked in concentrated HCl for 24 h and rinsed several

times in double distilled water (DDW) before use.

Measurement of Copper, Zinc and Iron

Concentration

The concentrations of Cu, Zn and Fe were measured by a

flame (an air-acetylene burner) atomic absorption spec-

trophotometry (AAS) (AAnalyst 400, Perkin Elmer) [23].

For tissue samples, approximately 10–50 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

analysis by AAS. The instrument was calibrated using the

Sigma standards of Cu, Zn and Fe. Bovine liver standard

reference material SRM1577 obtained from National

Bureau of Standard (NBS, Washington, DC) was used as

standard reference material for quality control. Each sam-

ple was analyzed in triplicate and reported as mean, and the

concentration of Cu, Zn and Fe were derived by comparing

absorption with the calibration curve. The Cu, Zn and Fe

estimations were carried out in a blinded experiment.

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

Effects of Chronic Copper-Intoxication on Cortex,

Cerebellum and Striatum Copper Content

Tissue samples obtained from different regions of brain

were digested as described earlier and read at 324.75 nm

by AAS for quantification of Cu in the tissues. AAS studies

demonstrated significant increase in the cortex, cerebellum

and striatum Cu content in Cu-intoxicated group compared

to control group (p\ 0.01) (Table 1). Previously, we have

reported around 73 % increase in hippocampus Cu content

of Cu-intoxicated animals compared to control animals

[23]. Interestingly, brain Cu was affected differently in

different brain regions. Cu-intoxicated group showed sig-

nificant increase in cortex, cerebellum and striatum Cu

content (76, 46.8 and 80.7 % increase, respectively) com-

pared to control group (Table 1). Maximum increase in Cu

content upon chronic Cu-intoxication was found in the

striatum followed by cortex and hippocampus, and least in

cerebellum.

Effects of Chronic Copper-Intoxication on Cortex,

Cerebellum and Striatum Zinc Content

Previously, we have reported around 77.1 % increase in

hippocampus Zn content of Cu-intoxicated animals com-

pared to control animals [23]. In contrast, cerebral cortex,

cerebellum and striatum Zn content were comparable be-

tween control and Cu-intoxicated group (p[ 0.05)

(Table 1).

Effects of Chronic Copper-Intoxication on Cortex,

Cerebellum and Striatum Iron Content

AAS studies demonstrated non-significant changes in the

cortex, cerebellum and striatum Fe content in Cu-in-

toxicated group compared to control group (p[ 0.05)

(Table 1). Similarly, we have documented comparable

hippocampus Fe content between Cu-intoxicated and con-

trol animals [25].

Discussion

The present study documents biochemical basis of chronic

Cu-intoxication elicited neurodegeneration and cognitive

waning fraternized with significant increase in cortex,

cerebellum and striatum Cu content (Table 1) in Wistar rat

model for non-Wilsonian brain Cu toxicosis. The precise

mechanisms of Cu induced neurotoxicity remains equivo-

cal. Astrocytes has been proposed as the Cu depots of the

brain [28] and their involvement in learning and memory

consolidation is gaining momentum [29]. Keeping in

consideration the pivotal role of astrocytes in many aspects

of brain homeostasis, including Cu homeostasis, glutamate

and K? ion uptake, spatial buffering, water excretion from

brain and defense against oxidative stress; astrocytes has

been hypothesized to play a key role in the biochemical

and cellular pathology of several neurodegenerative
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diseases [28]. Cu-intoxication has been shown to increase

Cu content of visual cortex and dorsal hippocampus in

Wistar rats along with LTP suppression [15]. Terwel et al.

demonstrated significant Cu accumulation in the hip-

pocampus, striatum and cerebellum of 12 month old toxic

milk mice with differential inflammatory response in the

different regions of brain depending on the extent of Cu

accumulation. Remarkably, inflammatory changes seemed

to be restricted to microglial cells in the striatum and to

astrocytes in the hippocampus. Under certain conditions,

astrogliosis can be more prominent than microgliosis sup-

ported by the fact that astrocytes behave as a syncytium

[22]. In animal models of AD, astrogliosis seemed to be

more prevalent compared to microgliosis. As astrocytes

assist neuronal metabolism, astrocytes are expected to re-

spond to altered neuronal functioning. For example in

tauopathy models, predominantly neuronal functioning is

affected but astrogliosis is more apparent and microgliosis

is almost undetectable [22, 30].

The previously documented histopathological changes

in the cerebral cortex like degenerated neurons showing

pyknotic nuclei and dense eosinophilic cytoplasm, swelling

of astrocytes (Alzheimer type II cells) accompanied by

astrogliosis in the cerebral cortex of Cu-intoxicated ani-

mals reported in our previous study [23] can be explained

on the basis of increased accumulation of Cu in the cortex.

Nevertheless, no obvious neuronal loss in the striatum,

hippocampus and cerebellum was observed, which sug-

gests a more subtle type of damage in these brain regions

despite Cu accumulation or astrogliosis and microgliosis

may be sub threshold in these brain regions. Motor be-

havior and memory in the Cu-intoxicated group were

compromised in accordance with Cu deposition found in

the striatum and hippocampus, respectively. It is quite

possible that increased Cu deposition in the hippocampus

impairs synaptic transmission accounting for the compro-

mised capability to acquire a spatial memory task in MWM

test. This augurs well with the observation that chronic Cu

loading in rats or mice impairs LTP in the hippocampus

[31]. However, unlike choroid plexus which stained

positively with rhodanine stain, the other brain regions

failed to show Cu deposition by rhodanine stain [23], de-

spite increased Cu build up in cortex, hippocampus, stria-

tum and cerebellum. This observation can be explained by

the fact that rhodanine stain did not stain positively with

tissue sections having Cu concentrations below 0.9 mmol/

kg (&57 lg/g dry weight) [32] and reported conversion

factor for calculating wet weight to dry weight of tissues is

3.18 [33]. In addition, no amyloid deposition was seen in

any brain region despite the fact that amyloid precursor

protein (APP) is a Cu binding protein.

Cu, Zn and Fe are indispensable trace elements re-

sponsible for functioning of several enzymes and proteins;

however, excessive intracellular accumulation of these

elements results in cytotoxicity. In the brain, Zn in its ionic

form (Zn2?) binds to metalloproteins and is highly en-

riched at many but not all glutamatergic nerve terminals.

Zn2? is synaptically released during neuronal activity. In

particular, oxidative stress causes intracellular mobilization

of Zn2?. The mobilization of intracellular Zn2? under ox-

idative stress conditions may provide the relationship be-

tween apoptotic and necrotic pathways. Zn and Cu

homeostasis are closely regulated and are vital for brain

physiology. Dysregulated metal homeostasis occurs in

several neurodegenerative disorders. Increased content of

Cu and Zn are found in amyloid plaques from AD brains,

and in the cerebrospinal fluid (CSF) of AD and PD patients.

Both increased and decreased Zn levels are found in hip-

pocampal, CSF and serum of AD patients compared to

controls [9, 10]. Zn2? is a potent neurotoxin participating

in variety of conditions involved in excitotoxicity, includ-

ing epilepsy, ischemia, and brain trauma. Zn2? cation also

promotes neuronal as well as glial death in vitro and

in vivo. Comprehensive in vivo studies have demonstrated

transsynaptic movement of Zn2? plays a role in neuronal

cell death linked to transient global ischemia. Further,

Table 1 Metal content in different brain regions of rats exposed to chronic Cu toxicity (90 days)

Brain region Copper content (lg Cu/g of wet tissue

weight)

Zinc content (lg Zn/g of wet tissue

weight)

Iron content (lg Fe/g of wet tissue

weight)

Control Cu-intoxicated Control Cu-intoxicated Control Cu-intoxicated

Cortex 2.2 ± 0.06 9.19 ± 0.54** 23.3 ± 0.91 21.97 ± 1.58# 24.87 ± 0.11 24.23 ± 0.12#

Striatum 2.18 ± 0.07 11.31 ± 0.67** 25.34 ± 0.67 25.11 ± 1.3# 25.14 ± 0.07 25.31 ± 0.12#

Cerebellum 2.69 ± 0.08 5.07 ± 0.11** 32.93 ± 0.12 34.17 ± 2.6# 30.13 ± 0.16 30.58 ± 0.19#

Values are expressed as mean ± SEM (n = 8/group)

** p\ 0.01; statistical significance with respect to controls
# Not significant
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Zn2? can play a key role in the development/or progression

of AD. Zn2? is an important component of amyloid pla-

ques, and recent reports have suggested that brain Zn2?

dyshomeostasis causes synaptic discrepancies and cogni-

tive deficits as observed in AD [34].

Fe is a redox active metal found in two main oxidation

states, Fe2? and Fe3?. Despite the vast research to under-

stand the brain Fe homeostasis, however it is still am-

biguous how the brain regulates homeostasis, storage and

flux of Fe into astrocytes, neurons, oligodendroglia and

glial cells [9, 10]. Like Cu and Zn, Fe content vary in

different regions of brain with highest Fe concentrations

usually found in the substantia nigra and globus pallidus.

These high brain Fe concentrations can be attributed pre-

dominantly to the quick rate of oxidative metabolism

necessary to maintain synaptic transmission, axonal trans-

port, and ionic membrane gradients [10]. Cu and Fe content

in the brain seems to increase with advancing age. AD and

PD patients have higher Fe levels than those expected by

normal aging but the exact physiological and molecular

mechanisms fraternized with such Fe accumulation are still

obscure. Cu, Zn and Fe dyshomeostasis mechanisms is not

simply associated with increased or toxicological exposure

to these metals, but rather it is determined by breakdown of

metal homeostasis mechanisms [9]. Discrepancy of brain

Fe homeostasis regulation can also be caused due to dis-

rupted expression of brain Fe metabolism proteins induced

by non-genetic factors. These currently unknown factors

might unsettle normal control mechanisms of protein ex-

pression, and lead to brain Fe dyshomeostasis, and then

induce oxidative stress and neuronal cell death in few

neurodegenerative diseases. Brain Fe buildup occurs

slowly over time with concomitant increases in ferritin

levels. Augmented brain Fe content may induce neuronal

cell damage even after it has become bound to ferritin. The

possible explanation for this Fe induced neuronal cell

damage may be because of the fact that Fe can be released

in its ferrous form under the acidic conditions present in

extracellular fluid and through interaction with components

viz. excess ascorbate and superoxide radicals. Excess Fe

load leads to huge increase in the chelatable free Fe pool

which is too large to be sequestered by ferritin within cells.

Fe toxicity is mediated by Fenton chemistry, which affects

the mitochondrial inner membrane respiratory complexes

[9].

Conclusions

In conclusion, in the present study it was found that Cu

content in striatum, cortex and cerebellum increased sig-

nificantly due to chronic Cu-intoxication in Wistar rat

model for non-Wilsonian brain Cu toxicosis. However,

more studies on neuroinflammatory markers and molecular

mechanisms for neuronal apoptosis due to buildup of Cu in

different regions of brain together with interaction between

neurons, astrocytes, microglia, oligodendroglia and en-

dothelial cells in the CNS Cu homeostasis are warranted to

elucidate exact mechanisms of Cu induced cognitive defi-

cits and neurodegeneration.
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