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The mitochondrial permeability transition, and oxidative
and nitrosative stress in the mechanism of copper
toxicity in cultured neurons and astrocytes

Pichili VB Reddy’, Kakulavarapu V Rama Rao' and Michael D Norenberg'*?

Copper is an essential element and an integral component of various enzymes. However, excess copper is neurotoxic and
has been implicated in the pathogenesis of Wilson's disease, Alzheimer’s disease, prion conditions, and other disorders.
Although mechanisms of copper neurotoxicity are not fully understood, copper is known to cause oxidative stress and
mitochondrial dysfunction. As oxidative stress is an important factor in the induction of the mitochondrial permeability
transition (mPT), we determined whether mPT plays a role in copper-induced neural cell injury. Cultured astrocytes and
neurons were treated with 20 uM copper and mPT was measured by changes in the cyclosporin A (CsA)-sensitive inner
mitochondrial membrane potential (A¥m), employing the potentiometric dye TMRE. In astrocytes, copper caused a 36%
decrease in the A¥m at 12 h, which decreased further to 48% by 24 h and remained at that level for at least 72 h. Cobalt
quenching of calcein fluorescence as a measure of mPT similarly displayed a 45% decrease at 24 h. Pretreatment with
antioxidants significantly blocked the copper-induced mPT by 48-75%. Copper (24 h) also caused a 30% reduction in ATP
in astrocytes, which was completely blocked by CsA. Copper caused death (42%) in astrocytes by 48 h, which was reduced
by antioxidants (35-60%) and CsA (41%). In contrast to astrocytes, copper did not induce mPT in neurons. Instead, it
caused early and extensive death with a concomitant reduction (63%) in ATP by 14 h. Neuronal death was prevented
by antioxidants and nitric oxide synthase inhibitors but not by CsA. Copper increased protein tyrosine nitration in both
astrocytes and neurons. These studies indicate that mPT, and oxidative and nitrosative stress represent major

factors in copper-induced toxicity in astrocytes, whereas oxidative and nitrosative stress appears to play a major

role in neuronal injury.
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Copper is a critical element in the normal functioning of
various enzymes, including Cu/Zn-superoxide dismutase,
cytochrome ¢ oxidase,"* dopamine-fi hydroxylase, and
monoamine oxidase.” Although copper is important in var-
ious metabolic processes, elevated copper concentrations in
brain are neurotoxic. Copper has been implicated in the
pathogenesis of various neurodegenerative disorders, in-
cluding Alzheimer’s disease, Parkinson’s disease, familial
amyotrophic lateral sclerosis,"® and prion disorders.” The
binding of copper to disease causing proteins, A-f peptide,
o-synuclein, and prion proteins results in free radical
production and associated oxidative stress (08).+7°
Elevated copper levels play a primary role in Wilson’s
disease (hepatolenticular degeneration). Wilson’s disease is

an autosomal recessive inherited disorder, generally pre-
senting toward the second decade of life. It is caused by the
excessive accumulation of copper in the liver due to a defect
in the copper transporting ATPase (ATP7B mutation).
Copper accumulation in liver leads to hepatocyte necrosis,
and ultimately its release into the vasculature. Copper is then
taken up by the brain, where it accumulates primarily in the
basal ganglia and cerebral cortex, resulting in degenerative
changes in neurons and astrocytes.'®™'*

Although mechanisms of copper toxicity are not com-
pletely understood, OS has been implicated as an important
factor. OS is mediated by the formation of free radicals
(hydroxyl radicals) due to electron transfer occurring when
copper shifts its valency from the divalent (Cu®") to
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monovalent (Cu™) state.'” As a result, copper has been
shown to cause oxidative damage to proteins, lipids, and
nucleic acids.'®*° Further, increased levels of hydroperoxides
have been reported in a human glial cell line treated with
excess copper.”’ Copper has also been shown to cause a
reduction in the activities of mitochondrial enzymes and
depletion of ATP, and such changes were attenuated by
pretreatment with antioxidants.”* Collectively, these findings
support the involvement of OS and mitochondrial dysfunc-
tion in copper toxicity.

One potential consequence of OS is the induction of the
mitochondrial permeability transition (mPT). The mPT is
characterized by the opening of the permeability transition
pore (PTP) localized in the inner mitochondrial membrane
(IMM). The mPT results in increased permeability of IMM to
protons, ions, and other solutes <1500 Da. This enhanced
permeability of IMM results in a dissipation of the
mitochondrial membrane potential (AWm), defective
oxidative phosphorylation, and reduced ATP production.*>**
The mPT is characteristically blocked by cyclosporin A
(CsA).?

As copper is known to generate free radicals and to induce
08,2"** we examined whether copper induces mPT in cul-
tured astrocytes and neurons. Our results show that copper
induces mPT in astrocytes but not in neurons and that it
causes a delayed death in astrocytes, which was blocked by
antioxidants, NOS inhibitors and CsA. In neurons, copper
causes early and extensive cell death, which was not
responsive to CsA, but was partially prevented by
antioxidants and L-NAME.

MATERIALS AND METHODS

Astrocyte Cultures

Primary cultured astrocytes were prepared from cerebral
cortices of 1 day old rat pups by the method of Ducis
et al.®® Briefly, cortices were freed of meninges, minced and
dissociated by trituration, passed through sterile nylon sieves,
and then placed in Dulbecco’s modified Eagle medium
(DMEM) containing penicillin, streptomycin, and 15% fetal
bovine serum. Approximately 0.5 x 10° cells were seeded in
35 mm culture plates and maintained at 37°C in an incubator
equilibrated with 5% CO, and 95% air. After 2 weeks, cells
were treated with 0.5mM dibutyryl cAMP to enhance
astrocytic differentiation.”” Cultures consisted of >98%
astrocytes based on immunohistochemical staining with glial
fibrillary acidic protein. Cells were 3—5 weeks old when used
for experiments.

Neuronal Cultures

Cortical neurons were prepared by a modification of the
method of Hertz and Matz.*® Cortices from 16- to 18-day-
old rat fetuses were removed and placed in high glucose
DMEM containing 25 mM KCI and 20% horse serum. The
tissue was minced and mechanically dissociated with a
pipette. Approximately 1-2 x 10° cells per ml were seeded

www.laboratoryinvestigation.org | Laboratory Investigation | Volume 88 August 2008

Copper and the permeability transition
PVB Reddy et al

onto poly-L-lysine-coated 35 mm culture dishes. In order to
prevent astrocyte proliferation, cytosine arabinoside (10 uM)
was added for 24h to the culture medium 48h after the
seeding of neurons. Cultures consisted of at least 98%
neurons as determined by immunohistochemical staining
for neurofilament protein. Experiments were performed on
cultures that were 6-8 days old.

Copper Treatment

CuSO, was employed as a source of Cu®". To rule out the
possibility that any effect of CuSO, might be due to
the sulfate anion rather than due to copper, all studies also
examined the effect of Na,SO, under similar conditions.
Na,SO, did not display changes in neurons and astrocytes on
any of the parameters examined. Copper concentrations used
in the present study were similar to those reported in the
cerebrospinal fluid of patients with Wilson’s disease.””*°

Light Microscopy

Cell cultures were fixed in 10% buffered formalin for 30 min
and washed twice with phosphate-buffered saline (PBS).
Cells were then stained with May/Grunwald-Giemsa for
30 min and mounted with 50% glycerol.

Cell Death Assay

Estimation of cell death was determined by the release of
lactate dehydrogenase (LDH) wusing the method of
Wroblewski and LaDue,”" as modified by Hazell et al.’* The
amount of LDH released was calculated as the percentage of
LDH activity in the medium vs total LDH activity (that
present in cells plus medium).

Measurement of the Mitochondrial Membrane Potential
The A¥Ym was measured as described by Rao and
Norenberg.” At the end of the treatment period, the culture
medium was removed, and cells were loaded with the
potentiometric dye TMRE in DMEM, without phenol red or
serum, at a final concentration of 50 nM for 20 min so as to
allow the dye to equilibrate between cytosolic and
mitochondrial compartments. Cultures were examined with
a Nikon Diaphot inverted fluorescent microscope equipped
with multivariant fluorescent filters. The fluorescence
emission was recorded at 590 nm. To avoid mitochondrial
leakage of TMRE due to photobleaching, cells were exposed
to low fluorescent light intensity. Fluorescent intensities were
then analyzed using the Sigma Scan Pro image quantitation
software (Sigma, St Louis, MO, USA). Total number of pixels
was quantified on a gray scale (0-255) and the average pixel
(fluorescent intensity) value in each image containing an
approximately equal number of cells, was obtained and
expressed as the meants.e.m. of the total fluorescence
intensity derived from at least 15 random image fields in each
group. The selection of fields was achieved by systematically
moving the microscope platform by 5mm® in all
four directions. The investigator was ‘blinded’ as to whether
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control or treated plates were being examined. Arbitrary
TMRE fluorescent intensities were expressed as a percent
fluorescence change over control.

To exclude the possibility that changes in the plasma
membrane potential influenced TMRE loading, astrocyte
cultures were exposed to different concentrations (10-100 mM)
of KCl for 30-45min to depolarize plasma membrane.
Untreated and KCl-treated cells were then incubated with
50 nM TMRE (20 min). KCI had no effect on mitochondrial
TMRE fluorescence levels in astrocytes and neurons as
compared to untreated cells, indicating that changes in the
plasma membrane potential did not influence the A¥Ym
measurements.

Measurement of the Mitochondrial Permeability Using
Calcein Fluorescence

As an additional measure of mPT, calcein fluorescence
studies were carried out following the method of Petronilli
et al,’”* as modified by Rao and Norenberg.”® This method
allows one to directly visualize permeability changes in
mitochondria in situ. Upon addition of calcein/acetoxymethyl
ester, the dye enters the cells and becomes fluorescent on
de-esterification. Co-loading of cells with cobalt chloride
quenches the fluorescence in the cell, except in mitochondria,
as cobalt is impermeable across the mitochondrial mem-
brane. However, during induction of mPT and opening of
PTP, cobalt enters mitochondria resulting in a quenching
of fluorescence. The extent of such quenching represents a
measure of mPT.

At the end of copper treatment, cultures were washed three
times with Hanks’ balanced salt solution (HBSS; 144 mM
NaCl, 10 mM HEPES, 2 mM CaCl,, 1 mM MgCl,, 5 mM KCl,
and 10 mM glucose, pH 7.4). Cells were incubated at 37°C in
fresh HBSS containing calcein/acetoxymethyl ester (1 uM)
and cobalt chloride (1mM) for 20 min. Following cobalt
treatment, cultures were washed with HBSS, and images
were collected within 10-15min as described above. To
confirm that the calcein fluorescence is indeed localized to
mitochondria, cells were loaded with the mitochondrial
specific fluorescent dye MitoTracker Red CMXRos (MitoRed;
100 nM) for 5min and images of both calcein and MitoRed
were individually captured. The images were then merged
and the extent of colocalization of fluorescence was assessed.
We observed >90% colocalization of calcein fluorescence
with that of MitoRed in astrocytes (Figure 1), indicating that
calcein is largely localized in mitochondria.

Measurement of ATP

Levels of ATP in neurons and astrocytes were measured using
a bioluminescence assay kit (Sigma) following the manu-
facture’s protocol. Briefly, after aspirating the medium,
cultures were washed twice with ice-cold PBS and lysed in 0.1%
Triton X100 containing 50 uM EGTA. To 0.1ml of cell
lysate, 1 ml of the ATP assay mixture was added, incubated
for 3min, and the luminescence measured with a
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luminometer (Turner Biosystems, Sunnyvale, CA, USA). The
concentration of ATP in each sample was calculated from
the ATP standard curve and expressed as percent ATP/mg
protein.

Western Blots for Protein Tyrosine Nitration

Neural cultures were solubilized in lysis buffer (50 mM Tris,
150 mM NacCl, 2% sodium dodecyl sulfate (SDS); 1% NP-40;
0.5% sodium deoxycholate (pH 8.0), and a protease inhibitor
mixture). Lysates were centrifuged at 12000 g for 12 min and
protein levels in the supernatant were measured by the BCA
method (Thermo Scientific, Rockford, IL, USA). Equal
amounts of protein (30 ug of total protein per lane) were
subjected to SDS-PAGE and electrophoretically transferred
to polyvinylidene difluoride membranes at 100V for 2h.
Following blocking with 5% BSA (in 3% Tris-buffered saline
and 0.1% Tween-20) for 2h at RT, the membranes were
incubated with anti-nitrotyrosine (1:500) or anti-a-tubulin
(1:1000) at 4°C overnight and subsequently with HRP-con-
jugated secondary antibodies (1:2000; 2 h at RT). Membranes
were visualized using ECL. Optical density of the bands was
measured with the Chemi-Imager digital imaging system
(Alpha Innotech, San Leandro, CA, USA), and results were
quantified with Sigma Scan Pro as a proportion of the signal
of a housekeeping protein band (a-tubulin).

Western Blots for Protein Carbonyls

Protein carbonyls in both neurons and astrocytes were de-
termined by immunoblots using a commercially available
protein carbonyl detection kit (OxyBlot; Chemicon, Teme-
cula, CA, USA). At the end of treatment, media was aspi-
rated, cultures washed twice with ice-cold PBS, and extracted
into lysis buffer. Cell lysates were centrifuged at 12000 ¢ for
12 min and the supernatants were used to determine protein
carbonyl content. Supernatants containing equal amounts of
protein were derivatized with 2,4-dinitrophenylhydrazine
(DNPH), subjected to SDS-PAGE followed by immuno-
blotting with anti-DNPH antibody (1:300), and the membranes
visualized using ECL.

Statistical Analysis

Experiments were performed in triplicate or quadruplicate
from cultures derived from 3 to 4 separate seedings. The data
were subjected to analysis of variance followed by post hoc
Neuman—Keuls multiple test. Data were represented as
mean + s.e.m.

RESULTS

Effects of Copper on Astrocytes

Giemsa-stained astrocyte cultures did not show morpho-
logical abnormalities by light microscopy at 24 h after copper
treatment (20 uM). After 48 h, astrocytes exhibited multiple
areas of necrosis characterized by the presence of pyknotic
nuclei, cytoplasmic disintegration and cell loss (Figure 2).
Such changes were exacerbated by 72h (data not shown).
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Figure 1 Representative fluorescent images of control cultured astrocytes displaying mitochondrial colocalization of calcein and MitoTracker red
fluorescence. (a) Fluorescence image of the MitoTracker red; (b) calcein; (c) merged images of (a) and (b) showing mitochondrial colocalization

of calcein.

Consistent with cytopathological abnormalities, treatment of
astrocytes with 20 uM copper for 24h did not show sig-
nificant changes in LDH release (a measure of cell death),
whereas a 42% (P<0.01) LDH release was observed at 48 h,
which further increased at 72 h (56%; P<0.01). LDH release
in controls was 8 2% (Figure 3).

To examine whether copper induces mPT, astrocytes were
treated with copper (20 uM) for varying time periods, and
changes in the AYm were determined by TMRE fluorescence.
Copper caused a significant dissipation of the A¥m at 12h
(36%, P<0.05), which further decreased to 48% (P<0.05)
by 24h (Figures 4a and b). Such decrease in the A¥m was
completely blocked by CsA (1 uM). To rule out the possibility
that the effect of CsA might be due to its calcineurin blocking
effect rather than its mPT inhibitory action, we examined
the effect of FK506, which like CsA has calcineurin
inhibitory effects but has no influence on mPT. In contrast
to CsA, FK506 did not block the copper-induced dissipation
of the AW¥m, confirming that copper induced mPT
(Figures 4b).

To further establish the induction of mPT by copper,
changes in mitochondrial permeability were examined using
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mitochondrial calcein fluorescence after quenching with
cobalt. Similar to TMRE, copper caused a 45% decrease in
calcein fluorescence at 24 h, which was completely blocked by
CsA (Figure 5a and b); FK506 had no effect on calcein
florescence (Figure 5b). Together with the TMRE findings,
the results indicate that copper induces mPT in astrocytes.

To determine the potential role of oxidative/nitrosative
stress in the mediation of mPT by copper (Figure 6a), astro-
cytes were pretreated (15 min) with various antioxidants and
nitric oxide synthase (NOS) inhibitors, and the cells were
then exposed to copper (20 uM) for 24 h. Desferroxamine
(DFX; 75%; P<0.01), N(G)-nitro-L-arginine methyl ester
(L-NAME; 64%; P<0.01), aminoguanidine (inducible NOS,
iNOS inhibitor; 56%; P<0.01), and N-t-butyl-a-phenyl-
nitrone (PBN; 56%; P<0.05) significantly attenuated
the copper-induced dissipation of AWm. Vitamin E
(a-tocopherol) and 7-nitroindazole (constitutive NOS,
cNOS inhibitor) did not block the copper-induced mPT
(Figure 6a and b).

As induction of mPT is known to result in mitochondrial
bioenergetic failure, which when severe can result in cell
death,” we examined the effect of copper on ATP levels in
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Figure 2 Photomicrographs of cultured astrocytes stained with May/Grunwald-Geimsa. (a) Control astrocytes show intact cell bodies containing a network
of cytoplasmic processes. (b) Cultured astrocytes treated with CuSO,4 (20 uM) for 24 h are similar to controls. (c) Astrocytes treated with CuSO, for 48 h shows
a focal area of cellular disintegration, nuclear pyknosis (arrows), and cell loss.

cultured astrocytes. Exposure of astrocytes to copper (20 uM)
for 24 h resulted in a significant reduction (32%; P<0.05) in
ATP levels, which was completely blocked by pretreatment
with CsA (Table 1). To examine whether mPT contributes to
astrocyte death, cultures were pretreated with CsA (1 uM)
and LDH release was examined 48 h after copper treatment.
CsA significantly attenuated astrocyte death by 41%
(P<0.05), whereas FK506 had no effect (Figure 7).

To examine whether copper exerts oxidative and/or
nitrosative damage to astrocytes, levels of protein carbonyls
and protein tyrosine nitration (PTN) were measured at 24
and 48h. Copper caused only a minimal effect on protein
carbonylation at both 24 and 48h (data not shown). By
contrast, copper resulted in a significant increase in PTN of
several proteins in the range of 60-85kDa. Such PTN by
copper was significantly blocked by pretreatment with CsA
(Figure 8).

We then examined the involvement of oxidative/nitrosative
stress in copper-induced astrocyte death, by determining the
effect of antioxidants and inhibitors of NOS. Antioxidants
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significantly blocked astrocyte death to a variable degree:
DFX (49%; P<0.01), PBN (42%; P<0.05), and vitamin E
(36%; P<0.05). Likewise, L-NAME and aminoguanidine
significantly blocked astrocytes death by 61 and 53%,
respectively. 7-NI had no effect (Figure 7).

Effects of Copper on Neurons

Exposure of cultured neurons to copper (20 uM) resulted in
significant neuronal death by 14 h (Figure 9). Early neuronal
death was also documented by LDH release (75% P<0.01).
Even at 10 uM, copper caused a 35% (P<0.05) increase in
neuronal LDH release by 14 h, which was further increased
(68%, P<0.01) by 18 h (Figure 10). LDH release in control
cultures was 16 + 3%.

To examine whether copper also induces mPT in neurons,
cells were exposed to CuSO, (10 and 20 uM) and examined
for changes in the TMRE fluorescence. Unlike astrocytes, no
changes were observed in TMRE fluorescence in neurons at
any time point after copper exposure (potential changes in
TMRE fluorescence were carefully monitored for up to 18 h).
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Figure 3 Time course of LDH release in cultured astrocytes treated with
CuS0O, (20 uM). *P<0.01 vs control.
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Similarly, no change in mitochondrial cobalt quenching of
calcein fluorescence was ever detected prior to neuronal
death (Figures 11 and 12). Moreover, neither the loss of
TMRE and calcein fluorescence, nor neuronal death was
blocked by CsA (1 uM). Altogether, these results indicate that
copper causes extensive cell injury/death in neurons without
an obvious induction of mPT.

We then examined whether oxidative/nitrosative stress
plays a role in copper-induced neuronal death by pretreating
(15min) cultures with antioxidants (DFX, PBN, vitamin E)
as well as NOS inhibitors (L-NAME, aminoguanidine, and
7-nitroindazole) and then exposing the cells to 10 uM copper
for 18 h. Neuronal death was blocked by antioxidants and
NOS inhibitors to a differential degree: DFX (52%; P<0.01),
vitamin E (42%; P<0.05), and PBN (24%; P<0.05).
Similarly L-NAME and aminoguanidine blocked neuronal
death by 49 and 42% respectively (P<0.01), whereas
7-nitroindazole did not have a protective effect (Figure 13).

Similar to astrocytes, copper (14h) had only a minimal
effect on protein carbonyl formation in neurons (data not
shown), whereas a significant increase in PTN was observed
(Figure 14).

DISCUSSION
This study demonstrates that exposure of primary cultures of
rat astrocytes to high concentrations of CuSO, induced mPT
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Figure 4 Effect of copper on the dissipation of the A¥m in cultured astrocytes. (@) Control astrocytes show bright TMRE fluorescence indicating
polarized mitochondria. Cultured astrocytes treated with 20 uM CuSO, for 12 and 24 h display a progressive dissipation of the A¥m. Pretreatment of
cultured astrocytes with CsA completely blocked the CuSO,-induced dissipation of the A¥m, consistent with mPT. (b) Quantification of fluorescent images.
CsA completely blocked copper-induced dissipation of the AWm, whereas FK506 had no effect. *P<0.05 vs control.
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Figure 5 Effect of copper on the mitochondrial permeability transition in cultured astrocytes. (a) Control astrocytes show bright fluorescence, whereas
astrocytes treated with CuSO, for 24 h display a reduction in calcein fluorescence. Pretreatment of astrocytes with CsA blocked the CuSOy-induced loss of
fluorescence. (b) Quantification of fluorescent images. CsA completely blocked the decrease in calcein fluorescence caused by copper, whereas FK506 had

no effect. *P<0.01 vs control.

as demonstrated by a significant dissipation of the A¥m and
decreased mitochondrial calcein fluorescence after quenching
with cobalt. These changes were completely blocked by CsA,
and not by FK 506, indicating the involvement of mPT in the
mechanism of copper toxicity. The copper-induced mPT was
significantly blocked by antioxidants and NOS inhibitors.
Additionally, copper resulted in a 30% reduction in ATP
levels, which was also completely blocked by CsA. Although
no astrocyte death was evident at 24 h after copper treatment,
significant death was observed at 48 h, which was significantly
prevented by CsA, antioxidants, and NOS inhibitors. Copper
showed minimal changes in protein oxidation whereas an
increased PTN was evident in astrocytes. In neurons, on
the other hand, mPT was not identified at any time point.

822

Instead, neurons showed early and extensive cell death with a
concomitant reduction (63%) in ATP levels. Neuronal death
was prevented by antioxidants and NOS inhibitors but not by
CsA. Oxidation of proteins and PTN patterns in neurons
were similar to that of astrocytes.

Although mechanisms for induction of mPT in astrocytes
by copper are not completely understood, copper is known
to cause OS, a factor well known to induce mPT.*>” The
OS-induced mPT involves oxidation of the adenine nucleotide
translocase, a protein generally considered to be a key
component of the PTP complex.”® Our study demonstrates
the ability of PBN (a spin trapping agent) and DFX (iron
chelator) to block the copper-induced mPT, strongly
suggesting an important role of OS in the induction of mPT.
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Figure 6 Effect of antioxidants and NOS inhibitors on the copper-induced mPT. Cells were treated with CuSO, for 24 h. (a) Control astrocytes show bright
fluorescence, whereas cells treated with CuSO, show reduced fluorescence. Pretreatment of astrocytes with antioxidants: (DFX (40 uM), L-NAME (500 uM),
and PBN (250 uM)) significantly attenuated the copper-induced dissipation of the A¥m. Vitamin E (Vit-E) did not have a protective effect. Additionally,
aminoguanide (AG: 200 uM) significantly blocked A¥m dissipation after copper treatment, whereas 7-nitroindazole (7-NI, 50 uM) did not. (b) Quantification
of TMRE fluorescence intensity. *P<0.01 vs control and 'P<0.01-0.05 vs CuSO,.
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Table 1 Effect of copper on ATP content in cultured astrocytes
and neurons

Cell type Control (%) Copper (%) Copper+CsA (%)
Astrocytes 100 78* 94
Neurons 100 37* 40

There was a greater degree of ATP depletion in neurons compared to
astrocytes.

*P<0.05-0.01 vs control; **P<0.05 vs copper.
CsA, cyclosporin A.

60

% LDH release

20,M CuSO,

Figure 7 Effect of antioxidants and nitric oxide synthase inhibitors on
copper-induced cell death in cultured astrocytes as determined by the
extent of LDH release. Cells were treated with CuSO, for 48 h. Astrocytes
treated with CuSO, alone showed 42% LDH release. Pretreatment of
cultures with antioxidants or CsA significantly reduced the extent of LDH
release. *P<0.01 vs control and "P<0.01-0.05 vs CuSO,. 7-NI and FK506
had no effect.

Vitamin E (a-tocopherol) did not block mPT in astrocytes,
although it did significantly inhibit cell death (see below).
Such variable effects by vitamin E might be due to differences
in the time course of induction of mPT and the occurrence of
cell death. mPT was induced as early as 12 h, whereas astro-
cytic death was detected only at 48 h. It is therefore possible
that lipid peroxidation by copper might be a delayed event
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Figure 8 Effect of copper on protein tyrosine nitration in cultured
astrocytes. Copper caused increased tyrosine nitration of proteins in the
range of 32-85 kDa.

that is important in astrocytic death, but may not be critical
for induction of mPT.

Copper treatment has been shown to increase nitric oxide
(NO) levels by upregulating iNOS,*® and NO is known to
induce mPT.”>*° The observation that L-NAME significantly
blocked the copper-induced mPT suggests NO is one factor
responsible for mPT. Moreover, inhibition of mPT by ami-
noguanidine, but not 7-nitroindazole, suggests the involve-
ment of iNOS in mPT induction.

Although our investigation demonstrates that copper in-
duces mPT in cultured astrocytes, an earlier study failed to
identify it,*' although in that study copper potentiated the
dissipation of AWm caused by menadione, rotenone, and
H,0,. A likely explanation for this discrepancy may be that
the investigators employed very high concentration of copper
(100 uM) for only a short time period (40 min). Our study
was carried out for 12-24 h employing a lower concentration
of copper (20 uM), suggesting that longer exposure and lower
concentrations are required for mPT to occur in astrocytes.
Induction of mPT by low concentrations of copper
(4-10 uM) has also been reported in isolated mitochondria
derived from rat kidney,** and in primary cultures of trout
hepatocytes.*’

Copper did not result in astrocyte death by 24 h consistent
with a recent report by Chen et al** On the other hand,
copper caused a moderate and delayed cell death by 48 h.

Laboratory Investigation | Volume 88 August 2008 | www.laboratoryinvestigation.org


http://www.laboratoryinvestigation.org

: %
® et ¥ tasy

LT,
N L

v

>

Copper and the permeability transition
PVB Reddy et al

- AR DR
:\'?f;"-&}'-.ﬁ;\ £/ S

o
>

sA

'l'.

N st ¢
FP Nl M
. i
f\"\',

A fa
e (& .
.

1 " ‘

Figure 9 Photomicrographs of cultured neurons stained with May/Grunwald-Geimsa. (a) Control neuronal cultures show clusters of cells with a
large network of cell processes. (b) Neurons treated with CuSO,4 (10 uM) for 14 h show loss of clustering, reduction in the number of cells and the
presence of necrotic cells characterized by pallor and cell shrinkage (arrows). (c) Neurons treated with CuSO, (20 uM) for 14 h show a greater extent

of cell loss and disintegration.

Astrocyte death by copper was in part mediated by mPT as
documented by the ability of CsA to significantly (41%)
block astrocyte cell death. Death occurring as a consequence
of mPT is likely due to the collapse of the AYm which
uncouples the respiratory chain thereby resulting in energy
failure.*>*¢ The present study demonstrating a reduction of
ATP levels by copper supports the involvement of energy
failure in astrocyte death.

Another means by which copper may cause cell death is
08.21:224748 yr observation that PBN, which is known to
trap several free radical species, including superoxide,*’
significantly blocked astrocyte death suggests that multiple
species of free radicals produced by copper play a role in
astrocyte death. In addition, the fact that vitamin E blocked
cell death by copper suggests that lipid peroxidation
represents one mechanism by which OS results in cell death.
Similarly, the ability of DFX, an iron chelator, to block
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astrocyte death implies the involvement of iron-mediated
hydroxyl radicals in such cell death. Nevertheless, other
mechanisms of neuroprotection by DFX have been proposed,
such as the upregulation of hypoxia-inducible factor-la
(HIF1-a) in oxygen-glucose deprivation.”® Whether a similar
protective role of HIF1-o by DFX occurs in copper toxicity is
not known.

Despite antioxidants significantly blocking copper-induced
cell death, our study failed to observe protein oxidation
(carbonylation) by copper, although OS did contribute to
PTN (see below). One possibility for a failure to detect oxi-
dation of proteins might be due to a rapid degradation
of oxidized proteins by the proteosomal system. Consistent
with this view, the activation of the proteosomes by OS has
been reported.”’ Similarly, enhanced proteosomal activity
by OS has been shown in cultured astrocytes exposed to
toxic levels of ammonia.>® Alternatively, copper might be
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Figure 10 Time course of LDH release after CuSO, treatment in cultured
neurons. *P<0.01 vs control.
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causing greater oxidative damage to membrane lipids and
nucleic acids rather than to proteins. The latter possibility is
consistent with reports documenting copper-induced lipid
peroxidation and associated cell death in neurons and
glioma cells.*”>** Our observation that vitamin E blocked
copper-induced cell death in astrocytes is consistent with the
above reports. Copper has also been shown to cause DNA
damage and cell death in brain in an animal model of
Wilson’s disease. Additional studies will be required to
better establish the role of protein oxidation in neural
cell injury by copper.

Copper caused significant PTN by 24 and 48 h exposure,
suggesting the involvement of nitrosative stress in copper
toxicity. The NOS inhibitors L-NAME and aminoguanidine
both significantly blocked copper-induced astrocyte death
and mPT, consistent with the upregulation of iNOS by
copper.”® As PTN appears to be mediated by peroxynitrite,
which is formed by the reaction of NO with superoxide,®
our observations of copper-induced PTN invokes OS in PTN.
As peroxynitrite can result in cell death in astrocytes,”*
PTN may represent an important factor by which copper
results in cell death.

CsA significantly blocked copper-mediated PTN in
astrocytes, highlighting the important role of mPT in PTN.
Although it is precisely not known how mPT contributes to
PTN formation, mitochondria have been shown to produce
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Figure 11 Effect of copper on TMRE fluorescence in cultured neurons. (a, ¢, e, g) Represent TMRE fluorescent images, whereas (b, d, f, h) represent
corresponding phase contrast images. (a) Control neurons show TMRE fluorescence consistent with an intact A¥m. (b) Phase contrast image of control
neurons showing intact cellular processes. (c) Neurons 14 h after copper (10 M) exposure shows fluorescence in fewer cells. (d) Copper treatment displays
focal neuronal injury as indicated by the presence of shrunken cell bodies and pyknotic nuclei (arrows). (e) Marked loss of TMRE fluorescence is evident in
neurons 18 h post-copper treatment. (f) Death of neurons is noted characterized by shrunken cell bodies and complete loss of cell processes. (g) CsA failed
to protect against the loss of the A¥m due to copper (18h). (h) Similarly, CsA had no protective effect against cell injury.
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Figure 12 Effect of copper on mitochondrial permeability using the calcein/cobalt method. (a, ¢, e, g) Represent calcein fluorescent images whereas
(b, d, f, h) represent corresponding phase contrast images. (a) Control neurons show bright calcein fluorescence consistent with the intact A¥m. (b) Phase
contrast image of control neurons showing intact cell processes. (c) Neurons treated with copper (10 uM) for 14 h exhibit calcein fluorescence similar to that
of control neurons but such fluorescence was detected in fewer cells. (d) A reduction in the number of neurons is noted. (e) Neurons treated with copper for
18 h show an extensive reduction in calcein fluorescence. (f) The micrograph illustrates loss of cell processes and shrunken cell bodies. (g) Cells treated
with CsA did not restore the loss of calcein fluorescence after 18 h of copper exposure. (h) Treatment with CsA failed to show any cytoprotection.

reactive oxygen species (ROS), as well as NO,”” and induction
of mPT has been suggested as one mechanism for such
mitochondrial ROS and NO generation.sg’59 Moreover, as
peroxynitrite, largely generated in mitochondria, is the major
free radical responsible for PTN, it is likely that superoxide
and NO produced by mPT might lead to PTN. Consistent
with this view, Burke et al®® have shown blockade of PTN
by CsA in mouse hepatocytes exposed to chloroform.
Collectively, mPT may be an important source of NO leading
to nitrosative stress-mediated cell injury.

In contrast to astrocytes, copper resulted in early and
severe neuronal injury/death, which was blocked by
antioxidants, suggesting that OS represents an important
mechanism in neuronal death. As noted above, copper
is well known to cause oxidative and nitrosative stress
(ONS). 212384748 Copper has also been shown to deplete
glutathione levels in cultured neurons,*” an event likely to
aggravate OS and neuronal death.

OS induced by copper in neurons has been shown to
inactivate several mitochondrial enzymes resulting in severe
ATP loss.”>°" Although a similar degree of oxidative and
nitrosative protein adducts by copper was observed in
astrocytes and neurons, copper caused an early and a far
greater degree of cell death in neurons than in astrocytes. The
reason for higher vulnerability of neurons to injury than
astrocytes might be due to greater sensitivity of neuronal
mitochondria to copper as compared to astrocytic mi-
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tochondria. However, as noted above, the extent of lipid
peroxidation and nucleic acid oxidation is not known and
possibly damage to these macromolecules may explain the
differential response. The observation that copper results in a
greater degree of ATP loss (63%) in neurons than astrocytes
(32%) is consistent with the view that mitochondria are
selective targets for neuronal damage by copper. Such higher
sensitivity of neurons in copper toxicity is consistent with the
severe neuronal loss documented in patients with Wilson’s
disease.”

In contrast to astrocytes, mPT was not identified in cul-
tured neurons at any time point after exposure of cultures to
copper (3—-18h). Although we observed complete absence of
TMRE and calcein fluorescence in neurons 18 h after copper
treatment, such loss of fluorescence was due to severe
injury/death of neurons as documented by cytopathology
as well as by LDH release. Parallel observations of TMRE
images with phase contrast microscopy showed that loss
of fluorescence correlated with the presence of neuronal
injury/death (Figure 10). Failure to document a transient
induction of mPT by copper at early time points can be
reasonably excluded as the cultures were carefully monitored
for any loss in TMRE, and calcein fluorescence throughout
the first 18 h of treatment. Failure to identify mPT in neurons
is consistent with earlier observations demonstrating that
copper does not result in dissipation of the AWYm in cultured

neur Ol'lS.63
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Figure 13 Effect of antioxidants and nitric oxide synthase inhibitors on
copper-induced cell death in cultured neurons. Neurons treated with CuSO,
(10 uM) for 18 h showed 68% LDH release. Pretreatment of cultures with
different antioxidants significantly reduced the extent of LDH release.
*P<0.01 vs control and TP<0.01-0.05 vs CuSO,. CsA and 7-NI did had

no effect.

The reason for the absence of mPT in neurons as com-
pared to astrocytes is not known. However, mitochondrial
heterogeneity between neurons and astrocytes is well
established.®*~®® Such heterogeneity involves the differential
distribution of enzymes of the tricarboxylic acid cycle, as well
as differences with respect to glutamate metabolism.®**’
Heterogeneity between astrocytes and neurons also exists
with regard to the sensitivity of these cells to the
Ca’*-induced mPT, as a CsA-sensitive decline in A¥m by
Ca’t has been documented in astrocyte mitochondria,
whereas a similar event was not observed in neurons.’®’
Such differences in sensitivity may possibly explain the
differential response of neurons and astrocytes to the
induction of mPT by copper.

In summary, our studies demonstrate that copper induces
mPT in cultured astrocytes but not in neurons. The copper-
induced mPT caused a delayed death in astrocytes, which was
attenuated by CsA as well as by antioxidants and NOS
inhibitors. In neurons, copper caused early and extensive
cell death, which was prevented by antioxidants and NOS
inhibitors, whereas CsA had no protective effect. These
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Figure 14 Effect of copper on protein tyrosine nitration in cultured
neurons. Copper caused increased tyrosine nitration of proteins in the
range of 18-85kDa. CsA had no effect.

findings suggest that ONS and mPT represent critical
components in the mechanisms of copper-induced neural
cell injury.
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