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a b s t r a c t

Cobalt is suspected to cause memory deficit in humans and was reported to induce

neurotoxicity in animal models. We have studied the effects of cobalt in primary cultures

of mouse astrocytes. CoCl2 (0.2–0.8 mM) caused dose-dependent ATP depletion, apoptosis

(cell shrinkage, phosphatidylserine externalization and chromatin rearrangements) and

secondary necrosis. The mitochondria appeared to be a main target of cobalt toxicity, as

shown by the loss of mitochondrial membrane potential (DCm) and release from the

mitochondria of apoptogenic factors, e.g. apoptosis inducing factor (AIF). Pre-treatment

with bongkrekic acid reduced ATP depletion, implicating the involvement of the mitochon-

drial permeability transition (MPT) pore. Cobalt increased the generation of oxygen radicals,

but antioxidants did not prevent toxicity. There was also an impaired response to ATP

stimulation, evaluated as a lower raise in intracellular calcium. Similarly to hypoxia and

dymethyloxallyl glycine (DMOG), cobalt triggered stabilization of the a-subunit of hypoxia-

inducible factor HIF-1 (HIF-1a). This early event was followed by an increased expression of

HIF-1 regulated genes, e.g. stress protein HO-1, pro-apoptotic factor Nip3 and iNOS.

Although all of the three stimuli activated the HIF-1a pathway and decreased ATP levels,

the downstream effects were different. DMOG only inhibited cell proliferation, whereas the

other two conditions caused cell death by apoptosis and necrosis. This points to cobalt and

hypoxia not only inducing HIF-1a regulated genes but also affecting similarly other cellular

functions, including metabolism.
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1. Introduction
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daily intake of hydroxycobalamin of an adult is 3 mg,

corresponding to 0.012 mg of cobalt. Dietary vitamin B12

deficiency is a cause of anemia and increases the risk of

developmental abnormalities and growth failure in infants [2].

However, excessive levels of cobalt can be detrimental to the

organism. The route of exposure is frequently dermal or via

inhalation [3] and occurs mostly in industrial refining, in the

production of alloys and in the tungsten carbide hard metal

industry. In urban areas mean concentration of cobalt in air is

small (about 1–2 ng Co/m3) but in heavily industrialised cities

concentrations up to 10 ng/m3 have been reported with

concentrations near industrial sources ranging up to

600 ng Co/m3 [4]. In occupational setting levels can be as high

as 1100 mg Co/m3 [5]. Increased levels of cobalt were found in

urine and blood of occupationally exposed workers. For

example, Ichikawa et al. [6] have reported that cobalt

concentration was 0.57–0.79 mg/dl in blood and 59–78 mg/dl

in urine following exposure to 100 mg/m3.

Cobalt toxicity includes cardiomyopathy [7], adverse

pulmonary effects [8] and carcinogenicity [9]. This heavy

metal is also suspected to cause neurotoxic effects, as

indicated by the report of memory deficit among workers

exposed to hard metal both as dust powder and in mist form

[10]. Uptake of cobalt in the nasal mucosa and transport to the

olfactory bulbs may be an important route of brain exposure

[11]. Experiments performed in the rat have shown that cobalt

can cause decreased exploratory behavior [12] and depletion of

neurotransmitters [13]. Besides inhibiting synaptic transmis-

sion by presynaptic blockade of calcium channels, cobalt can

also block postsynaptic responses induced by neurotransmit-

ters in vitro [14].

The data available in the literature indicate that cobalt is

cytotoxic to many cell types, including neural cells [15–17] and

can induce cell death by apoptosis and necrosis [18]. Cobalt

can cause DNA fragmentation [19–21], activation of caspases

[22], increased production of reactive oxygen species (ROS)

[16,19,23], augmented phosphorylation of mitogen activated

protein (MAP) kinases [17,22] and elevated levels of p53 [23].

Cobalt has been used to induce ischemic pre-conditioning

in vivo [24]. Some of the characteristic effects of cobalt are

thought to be mediated by interaction with the cellular

oxygen-sensing machinery. Like low oxygen tension, cobalt

at normoxic conditions is able to stabilize the a-subunit of

hypoxia-inducible factor HIF-1 by blocking its ubiquitination

and proteasomal degradation [25]. Increased levels of HIF-1a

result in higher transcription of a set of genes that encode

several proteins, e.g. glycolytic enzymes, erythropoietin and

heat shock proteins, important for the adaptation of cells to

hypoxic stress [26,27]. Many of the gene products regulated by

HIF-1a are involved in a physiological response to promote cell

survival and recovery after hypoxia, e.g. by maintenance of

cellular energy supplies and stimulation of angiogenesis.

However, recent work has also pointed to the increased

transcription of pro-apoptotic factors, i.e. NIP3/BNIP3 and NIX

[28], which can lead to cell death. Because of these effects

cobalt ions may be used to elucidate the roles of HIF-1a in

different types of cells.

Astrocytes play a crucial role in regulating functions and

survival of neurons and controlling synapses [29,30]. Although

glia are generally considered more resistant to stress condi-
tions as compared to neuronal cells, recent studies have

indicated that astrocytes are also susceptible to a variety of

neurotoxic stimuli, including hypoxic injury and heavy metals

[31–38]. It was reported that cobalt can activate extracellular

signal-regulated protein kinase1/2 (ERK1/2) and cause cell

death by apoptosis in C6 glioma cells [17], but otherwise little is

known about cobalt effects in astrocytes. The purpose of the

present study was twofold. First, we aimed to characterize

cobalt cytotoxicity in primary astrocytes, by investigating the

possible involvement of HIF-1 regulated genes, oxidative

stress and calcium signaling, as well as by looking at

mechanisms of cell death. On the other hand, we wanted to

verify the hypothesis that cobalt is a valuable mimic of

hypoxia in astrocytes. For this purpose, we have compared the

effects of cobalt exposure to oxygen deprivation.
2. Materials and methods

2.1. Chemicals

All cell culture reagents, including media, antibiotics, fetal

bovine serum (FBS) and phosphate buffered saline (PBS) were

purchased from Gibco-Life Technologies (Täby, Sweden) and

cell culture plastics from Corning Incorporated (Schipol-Rijk,

NE). The RNeasy kit was obtained from Qiagen (VWR

International, Stockholm, Sweden). The GeneAmp RNA PCR

kit and the TaqMan Universal PCR master mix were purchased

from Applied Biosystems (Applera Sweden, Stockholm). The

fluorescein isothiocyanate (FITC)-annexin V, terminal trans-

ferase and fluorescein-12-UTP were purchased from Roche

Diagnostics GmbH (Mannheim, Germany). The pan-caspase

inhibitor Z-VAD-FMK was obtained from Enzyme Systems

(Livermore, CA, USA) and dymethyloxallyl glycine (DMOG) was

purchased from Cayman chemical (Ann Arbor, MI, USA).

SB203580 was obtained from CalBiochem (Darmstadt, Ger-

many). CoCl2 (cell culture tested), n-propyl gallate (PG), n-

acetyl-L-cysteine (NAC), nv-nitro-D-arginine methyl ester

hydrochloride (L-NAME), L-N6-(1-iminoethyl)lysine hydro-

chloride (L-NIL), 17b-estradiol, bongkrekic acid (BKA), cyclos-

porine A, 2-(2-amino-3-methoxyphenyl)-4H-1-benzopyran-4-

one (PD98059), adenosine triphosphate (ATP), the lactate

dehydrogenase (LDH) detection kit and the rest of the

chemicals were purchased from Sigma–Aldrich (St. Louis,

MO, USA). Enhanced chemiluminescence detection (ECL) kit

was from Amersham Biosciences (Little Chalfont, Buckin-

ghamshire, UK). Carboxy-dichlorodihydrofluoresceine diace-

tate (carboxy-H2DCFDA), tetramethylrhodamine (TMRE) and

Fluo-3 were bought from Molecular Probes (Invitrogen, Basel,

Switzerland).

2.2. Cell culture and exposure to chemicals

The study was performed in accordance with the NIH Guide for

the Care and Use of Laboratory Animals and was approved by the

Animal Ethics Committee of Northern Stockholm. Primary

cultures of mouse astrocytes were prepared from newborn

C57Bl6 mice sacrificed by decapitation. The brains were

rapidly dissected out, cerebellum and olfactory bulb were

removed and the meninges and blood vessels were carefully
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stripped off at the stereomicroscope. The tissue was chopped

and transferred to complete Dulbecco’s modified Eagle

medium (DMEM) (i.e. supplemented with 10% FBS, 50 units/

ml penicillin and 50 mg/ml streptomycin-sulphate) and dis-

sociated by pipetting in order to generate a cell suspension,

which was filtered through a 70-mm pore size mesh cell

strainer. Cells were seeded at a density of 28,000 cells/cm2 in

poly-L-lysine-coated bottles and maintained in complete

DMEM at 37 8C in a humidified atmosphere with 5% CO2.

The culture medium was changed on day in vitro (DIV)1, DIV5

and DIV7. On DIV9 the microglia were dislodged from the

astrocyte cultures by shaking and they were discarded. The

astrocytes were harvested from the flask with trypsin and

reseeded at a density of 28,000 cells/cm2. On DIV12 the cells

were exposed to the various chemicals in F-12 medium

supplemented with 10% FBS. Purity of the cultures was

monitored by immunocytochemical detection of the astrocyte

marker glial fibrillary acidic protein (GFAP) and neuronal

marker b-III tubulin, as well as by identifying microglial cells

with FITC-conjugated isolectin B4 (Sigma–Aldrich, 4 mg/ml).

2.3. Exposure to hypoxic environment

On DIV9 astrocytes were plated in 6- and 96-well plates. On

DIV12 the medium was changed to F-12 supplemented with

10% FBS and the cultures were transferred to a CO2 incubator

(Queue, LABEQUIPTM, Ontario, Canada) connected to a nitro-

gen source to obtain hypoxic conditions (1% O2, 5% CO2, 94%

N2). The measurements of O2 concentration inside the

incubator were performed with the Draeger Pac III analyzer

(Draeger Safety mc., Pittsburg, PA, USA).

2.4. Luminescence ATP detection assay system

Astrocytes were plated in 96-well plates on DIV9 and exposed

to the chemicals on DIV12. Cells were exposed to CoCl2 (0.2–

0.8 mM) for different time periods (3–48 h). In some experi-

ments astrocytes were pre-treated with various substances

(antioxidants, caspase inhibitor, iNOS inhibitors, mitochon-

drial permeability transition pore inhibitors, MAP kinase

inhibitors) for 1 h prior to cobalt exposure for 3–24 h. In

parallel cells were kept under hypoxic conditions for 3–24 h or

exposed to 0.1–1.5 mM DMOG for 24 h. At the end of the

treatments, the total ATP level in each well was measured

with the ATP LiteTM kit, which is based on the production of

light caused by the reaction of ATP with added firefly luciferase

and D-luciferin. The luminescence was measured with a Trilux

Micro Beta luminescence counter (Wallac, Upplands Väsby,

Sweden). Statistical analysis was performed by using one-way

ANOVA followed by Tukey’s post hoc test.

2.5. Trypan blue exclusion test

On DIV12 astrocytes were exposed to CoCl2 (0.2–0.8 mM),

DMOG (1–1.5 mM), 0.4 mM H2O2 or hypoxia for 3–24 h. Cells

were harvested with trypsin and pooled together with cells

floating in the culture medium. An aliquot of this cell

suspension was mixed with an equal volume of 0.4% trypan

blue in phosphate buffered saline (PBS). Cells were scored at

the phase contrast microscope using a Neubauer improved
counting chamber. Cells with damaged cell membrane

(necrotic cells) stained blue, while cells that maintained

plasma membrane integrity prevented the dye entry and

remained unstained (healthy cells and apoptotic cells).

Statistical analysis was performed using either one-way

analysis of variance (ANOVA) followed by Tukey’s post hoc

or two-tailed paired Student’s t-test in GraphPad Prism2

software (GraphPad, San Diego, CA).

2.6. LDH assay

The astrocytes were seeded in 96-well plates on DIV9 and they

were exposed to CoCl2 (0.2–0.8 mM) for 24 h on DIV12. At the end

of treatment, the cell membrane integrity was evaluated as a

function of the amount of cytoplasmic LDH released into the

medium, using an assay based on reduction of NAD by the

action of LDH. The reduced NAD (NADH) was utilized in the

stoichiometric conversion of a tetrazolium dye into a color

compound, which was measured spectrophotometrically. The

amount of LDH released into the medium was normalized

against thetotal cell number. Statisticalanalysis was performed

by using one-way ANOVA followed by Tukey’s post hoc test.

2.7. Analysis of chromatin condensation by propidium
iodide staining

Cells were plated on poly-L-lysine-coated coverslips on DIV9

and exposed to chemicals on DIV12, as described in Section

2.4. At the end of the exposure, the medium was removed and

the astrocytes were fixed in ice-cold methanol at �20 8C for

30 min. Nucleic acid staining was obtained by using 5 mg/ml

propidium iodide (PI). Stained samples were analyzed at the

fluorescence microscope (Zeiss, Germany). The apoptotic

nuclei were identified by irregular shape, smaller size and

bright intensely stained chromatin. Nine fields were counted

for each condition. Statistical analysis was performed by using

one-way ANOVA followed by Tukey’s post hoc test.

2.8. Detection of DNA fragmentation by terminal
deoxyribonucleotide transferase (TdT)-mediated dUTP nick
end labeling (TUNEL) assay

Astrocytes were plated on coverslips coated with poly-L-lysine

on DIV9 and exposed to 0.2–0.8 mM CoCl2 for 24 h on DIV12.

Cells were then fixed in ice-cold methanol at�20 8C for 30 min.

After two washes with PBS, the cells were incubated with

TUNEL reaction mixture (0.07% Triton X-100, 2.5 mM CoCl2,

5 mM fluorescein-12-UTP, 5 U/ml terminal transferase, 0.2 mM

potassiumcacodylate, 0.25 mg/ml BSA, 25 mM Tris–HCl pH 6.6)

at 37 8C in a moisturized dark chamber for 60 min. The cells

were rinsed with PBS and stained with PI (5 mg/ml) for 5 min at

room temperature to visualize the chromatin. The coverslips

were washed with PBS and mounted onto slides with Dako

fluorescent mounting medium (DakoCytomation). The nuclei

were counted (nine fields for each condition) and photo-

graphed using a Zeiss Axioscop 2 plus fluorescent microscope

equipped with Axio Cam camera and at the Zeiss LSM510

confocal microscope (Zeiss, Germany). Statistical analysis was

performed by using one-way ANOVA followed by Tukey’s post

hoc test.
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2.9. Vital triple staining

Annexin V is a phospholipid-binding protein with high affinity

for phosphatidylserine. On DIV12 cells grown on coverslips

were exposed to 0.5 mM CoCl2 for 6–24 h, then incubated with

a solution of FITC-annexin V (0.5 mg/ml), cell impermeable PI

(1 mg/ml) and cell permeable Hoechst 33358 (10 mg/ml) in

10 mM HEPES/NaOH pH 7.4, 140 mM NaCl, 5 mM CaCl2.

Replicate coverslips were examined at the Zeiss Axioscop 2

plus fluorescence microscope. Images were collected with the

Axio Cam camera.

2.10. Bromodeoxyuridine/PI double staining

On DIV12 astocytes grown on coverslips were exposed to

1.5 mM DMOG for 6 h. BrdU (Sigma) was added to the cultures

45 min before collecting the cells (final concentration 50 mg/

ml). Cells were washed with PBS and fixed with 100% ethanol

at �20 8C for 20 min. The coverslips were rinsed with PBS and

incubated with 4 N HCl at 37 8C for 30 min. Blocking was

performed with 1% BSA, 0.3% Triton in PBS at room

temperature for 30 min. The coverslips were incubated with

a FITC-conjugated anti-BrdU antibody (Abcam Ltd., Cam-

bridge, UK, dilution 1:10 in the blocking solution) at 4 8C

overnight, washed with PBS and stained with PI as described in

Section 2.7. Nuclei were examined at the fluorescent micro-

scope to evaluate the percentage of the BrdU positive cells.

2.11. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and immunoblotting

On DIV9 astrocytes were plated on 6-well plates. On DIV 12

cells were exposed to 0.2–0.8 mM CoCl2, 1.5 mM DMOG and

hypoxia for different time periods (3–24 h). Cells were washed

with PBS and briefly sonicated in lysis buffer (150 mM NaCl, 1%

Triton X-100, 10 mM Tris–HCl pH 7.4 supplemented with 1 mM

phenylmethylsulfonyl fluoride, 1 mg/ml leupeptine, 1 mM

sodium orthophosphate and 1 mM NaF) [39]. The protein

concentration was measured with the Micro BCA assay kit

(Pierce, Rockford, IL, USA). Subcellular extracts were prepared

using ProteoExtract-Subcellular Proteome Extraction kit (Cal-

biochem, EMD Biosciences Inc., Darmstadt, Germany) and the

protein concentration was measured with the DC Protein

Assay kit (Bio-Rad Laboratories AB, Sundbyberg, Sweden).

Proteins (30 mg/lane) were separated by SDS-PAGE and

transferred into nitrocellulose transfer membrane (Schleicher

& Schuell BioScience, Dassel, Germany) according to methods

previously described [40]. Equal loading was verified by

staining the membranes with 0.1% Ponceau S in 5% acetic

acid (Sigma). The membranes were incubated overnight with

the following primary antibodies: mouse monoclonal anti-

poly(ADP-ribose) polymerase (PARP) antibody (dilution 1: 5000,

BIOMOL Research Laboratories, Plymouth Meeting, PA, USA);

rabbit anti-inducible nitric oxide synthase (iNOS) antibody

(dilution 1:5000, Sigma–Aldrich, St. Louis, USA); rabbit poly-

clonal anti-phospho-p44/42 MAP kinase (THR202/Tyr204)

antibody (dilution 1:2000, Cell Signaling Technology, Philadel-

phia, PA, USA); rabbit polyclonal anti-P44/42 MAP kinase

antibody (dilution 1:1000, Cell Signaling Technology); rabbit

anti-phospho p38 MAP kinase (Thr180/Tyr182) antibody
(dilution 1:1000, BioLabs, New England, USA); mouse mono-

clonal anti-HIF-1a antibody (dilution 1:400, Abcam Ltd.); goat

polyclonal anti-apoptosis inducing factor (AIF) antibody

(dilution 1:200, Santa Cruz Biotechnology Inc., Santa Cruz,

California); goat polyclonal anti-NIP3 antibody (dilution 1:200,

Santa Cruz Biotechnology) and polyclonal rabbit anti-HSP72

antibody (dilution 1:10,000, Stressgen, Nordic Biosite, Täby,

Sweden). After 1 h incubation with the proper horseradish

peroxidase conjugated secondary antibody (dilution 1:10,000,

Pierce), the membranes were incubated with ECL reagents for

chemiluminescence (Amersham, Little Chalfont, Bucks, UK)

and exposed to X-ray autoradiography films (Fuji, Japan).

Quantification was performed by densitometry using the

MCID-M5 (4.0 Rev. 1.3) image software. Statistical analysis was

done by using one-tailed paired Student’s t-test.

2.12. Immunocytochemistry

Detection of protein expression by immunocytochemistry was

performed according to a procedure previously described [41].

Briefly, astrocytes were grown on coverslips, exposed to

0.5 mM CoCl2 for 16 and 24 h on DIV12, and fixed in ice-cold

methanol at �20 8C for 30 min. The coverslips were incubated

overnight with the following primary antibodies: anti-GFAP

(dilution 1:200, DAKO Cytomation, Älvjö, Sweden), anti-bIII-

tubulin (dilution 1:200, Nordic Biosite AB, Täby, Sweden), anti-

heme-oxygenase-1 (HO-1) (dilution 1:2000, Stressgen, Victoria,

BC, Canada), and anti-iNOS (dilution 1:200, Santa Cruz

Biotechnology). Next, the samples were incubated with the

proper fluorescence-conjugated secondary antibody for 1 h.

The nuclei were visualized by PI staining (5 mg/ml) for 5 min.

The coverslips were mounted onto slides with Dako fluor-

escent mounting medium and analyzed at the Zeiss Axioscop

2 plus fluorescent microscope equipped with Axio Cam

camera and at the Zeiss LSM510 confocal microscope.

2.13. ROS measurements

Formation of oxygen radicals was detected with carboxy-

H2DCFDA. Following uptake, the carboxy-H2DCFDA is con-

verted by endogenous esterases to carboxy-H2DCF, which

upon exposure to oxidative species is oxidized to the

fluorescent probe carboxy-DCF. This dye fluoresces on inter-

action with ROS, including H2O2 and hydroxyl radical, but it is

relatively insensitive to superoxide anion [42]. On DIV12

astrocytes were treated with 5 mM NAC 1 h prior exposure to

0.5 mM CoCl2 or 0.4 mM H2O2 for 6 h. At the end of the

incubation period carboxy-H2DCFDA was added to the culture

medium (20 mM) and the 96-well plates were kept at 37 8C for

30 min. Next, the cells were washed twice with a buffer

containing 154 mM NaCl, 5.6 mM KCl, 5.6 mM glucose, 1 mM

MgCl2, 2.3 mM CaCl2 and 8.6 mM HEPES pH 7.4. Carboxy-DCF

fluorescence was measured in a Molecular Devices fluores-

cence counter (Spectramax GEMINI, Göteborgs Termometer-

fabrik, Sweden) using 485 nm excitation and emission 535 nm.

2.14. HIF-1a detection by ELISA

Astrocytes were seeded in 6-well plates on DIV9 and exposed

to 0.5 mM CoCl2 for 3 h on DIV12. A commercial ELISA kit (R&D
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systems, Minneapolis, MN) was used to determine HIF-1a

levels. The experiments were carried out according to

manufacturer’s protocol. Briefly, cells were rinsed twice with

PBS and solubilized in lysis buffer. Lysates were vortexed,

transferred to 96-well plates pre-coated with the Capture

Antibody (mouse anti-human HIF-1a antibody) and incubated

for 2 h. The wells were washed and incubated with the

detection antibody (biotinylated goat anti-human HIF-1a

antibody). Next, streptavidin conjugated to horseradish

peroxidase was added. A final washing step was followed by

chromogen reaction obtained by adding tetramethylbenzidine

and H2O2 and stopped with H2SO4. The absorption of the

samples at 450 nm was measured in a microplate reader

(Labsysytems, Breda, The Netherlands), with 570 nm correc-

tion.

2.15. RNA extraction and cDNA synthesis

On DIV12 astrocytes were treated with 0.5 mM CoCl2 for 0.5–

24 h. RNA was isolated from cells using the reagents and

protocols included in the Qiagen RNeasy kit. Astrocytes were

homogenized in Qiagen lysis buffer using a syringe and needle

before RNA extraction with the Qiagen columns. RNA quantity

and quality was determined spectrophotometrically at 260

and 280 nm with an Eppendorf Biophotometer (Eppendorf,

Hamburg, Germany). The cDNA synthesis was performed with

the GeneAmp RNA PCR kit using random hexamers and the

MuLV reverse transcriptase.

2.16. Real-time reverse transcription polymerase chain
reaction (RT-PCR)

The expression of Nip3 was evaluated by semi-quantitative

real-time PCR [43]. b-Actin primers and probe were obtained

from MWG-Biotech AG (Ebersberg, Germany). The following

sequences were used: primer 1, 50-GCT CTG GCT CCT AGC ACC

AT-30; primer 2, 50-CCA CCG ATC CAC ACA GAG TAC-30; probe,

50-ATC AAG ATC ATT GCT CCT CCT GAG CGC-30 [44]. The

TaqMan probe and primers for the gene expression assay of

Nip3 were purchased as an Assay-On-Demand from Applied

Biosystem (assay identity Mm00833810). The real time PCR

reactions were performed in triplicates with the TaqMan

Universal PCR master mix in an ABI Prism 7000 Sequence

Detector System (Applied Biosystems). Values are expressed

as the difference in the number of cycles to reach the detection

threshold (Ct = cycle at threshold), using b-actin as reference

(DCt = CtAR � Ctb-actin).

2.17. Intracellular calcium [Ca2+]i measurement

Changes in [Ca2+]i induced by stimulation with ATP were

evaluated using the fluorescent Ca2+-sensitive dye Fluo-3.

Astrocytes were plated on 96-well plates on DIV9. On DIV12

cells were exposed to 0.2–0.8 mM CoCl2 for 2 min–24 h. Next,

astrocytes were washed with prewarmed HEPES buffer

(135 mM NaCl, 5 mM KCl, 1.8 mM CaCl2, 0.62 mM MgCl2,

6 mM glucose, 15 mM HEPES pH 7.4) and incubated with

7.3 mM Fluo-3 AM in HEPES buffer solution at 37 8C for 45 min.

The plates were washed twice with HEPES buffer and placed in

the Fluoroscan Ascent Spectrofluorimeter (Labsystems, Fin-
land ) set to 37 8C. Fluo-3 was excited at 488 nm and

fluorescence emission was detected using a 535 nm band

pass filter. Fluorescence was acquired every second using the

user-customized program Ascent. After the background

readings (F0) (5 s) 20 mM ATP was added and the recording

was continued for 20 s. The relative changes in [Ca2+]i were

determined by the fluorescence signal reading (Ft) with

subtracted background (DF = Ft � F0).

2.18. Measurements of the mitochondrial membrane
potential (DCm)

Changes in DCm were detected using TMRE, which partitions

to the negatively charged mitochondrial matrix according to

the Nernst equation and acts as a voltage sensitive probe.

TMRE fluorescence is reduced in parallel to decreases of DCm

[45]. Cells were grown on coverslips and exposed to CoCl2
(0.5 mM for 6 h) on DIV12. At the end of the exposure the

medium was replaced with 25 nM TMRE in PBS and the cells

were maintained at room temperature in the dark for 20 min,

then cell permeable Hoechst (12 mM) was added and the

incubation was continued for 10 min to counterstain the

nuclei. The coverslips were mounted on slides and analysed

immediately at the Zeiss Axioscop 2 plus fluorescence

microscope, collecting images with the Axio Cam camera.
3. Results

3.1. Features of cobalt toxicity

Primary mouse astrocytes exposed to 0.2–0.8 mM CoCl2
displayed both biochemical and morphological signs of

cellular toxicity. These levels of cobalt are several orders of

magnitude higher than plasma levels encountered in human

exposure but similar to the doses used in previous experi-

ments to affect metabolism. All of the doses tested induced a

significant decrease of the total ATP level after 24 h (Fig. 1A).

Depletion of ATP can be a consequence of metabolic

alterations resulting in deficient ATP synthesis. Alternatively,

an ATP decrease can reflect a change in cell number due to cell

death or cell cycle arrest. In our cultures there was a decrease

in ATP at 24 h after 0.5 and 0.8 mM CoCl2 that could be partially

accounted for by a decreased number of cells (Fig. 1B),

although the differences were still significant after normal-

izing the ATP values with the total cell number (0.2 mM CoCl2,

75.1%; 0.5 mM CoCl2, 60.1%; 0.8 mM CoCl2, 38.6%). The fact that

at the 0.2 mM dose there was ATP depletion without cell death

or inhibition of cell proliferation supported an effect of cobalt

on ATP metabolism (Fig. 1). The first time point when we

observed ATP depletion was at 6 h (control, 100 � 6.05; 0.5 mM

CoCl2, 65.07 � 6.40, n = 5, **p � 0.01, Student’s t-test) without

any significant occurrence of necrosis, as assessed by trypan

blue counting (data not shown). These data point to an effect

of cobalt on ATP production.

Astrocytes exposed to�0.5 mM CoCl2 also displayed typical

features of cell death by apoptosis, e.g. the cells appeared

shrunken as compared to control cells and nuclear staining

revealed the presence of chromatin condensation (Figs. 2A and

3A). Several of the apoptotic nuclei showed DNA fragmenta-



Fig. 1 – Cytotoxic effects detected in primary astrocytes exposed to 0.2–0.8 mM CoCl2 for 24 h. Values are means W S.E.M.

CoCl2 induced a dose-dependent ATP depletion (A) (n = 7 experiments) and reduction of the total cell number (B) (n = 3).

Increase of the percentage of cells with alteration of the cell membrane permeability barrier was detected with the trypan

blue (TB) test (C) (n = 3) and with the LDH release assay (D) (n = 6). Statistical analysis was performed with one-way ANOVA

followed by Tukey’s post hoc test (**p = 0.01; ***p = 0.001).
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tion, as revealed by the TUNEL assay (Figs. 2C and 3G and H).

Time course analysis of nuclear morphology demonstrated

chromatin rearrangements at 6 h (Fig. 2B). In addition,

astrocytes had begun to display translocation of phosphati-

dylserine (PS) from the inner to the outer leaflet of the plasma

membrane after 6 h exposure, as shown by FITC-annexin V

binding in cells excluding propidium iodide (Fig. 3I–L). The PS

externalization increased in the following hours. Transloca-

tion of PS is a typical structural modification occurring during

apoptosis allowing recognition of dead cells by phagocytes in

the so called ‘‘resolution phase’’. Due to the lack of proper

phagocytic activity in our culture model the cells progressed

instead into ‘‘secondary necrosis’’. This was shown by the

conspicuous loss of membrane integrity revealed by trypan

blue uptake and increased leakage of the cytoplasmic

enzymes LDH in the extracellular medium at the 0.5 and

0.8 mM doses after 24 h (Fig. 1C and D).

Since apoptotic pathways often converge in the activation

of class II caspases [46] we studied their activation by

analyzing the cleavage of the repair enzyme PARP (116 kDa),

generating a characteristic 85 kDa fragment [32]. Exposure to

CoCl2 for 6–24 h was not associated with significant cleavage of

PARP (Fig. 2D). Furthermore, pre-treatment of the cultures for

1 h with the pan-caspase inhibitor Z-VAD-FMK (20 mM) neither

ameliorated the ATP decrease (Table 1) nor reduced chromatin

condensation (Table 2). Thus, caspases are unlikely to play a

major role in cobalt-induced apoptosis.

Cells exposed to 0.2 mM CoCl2 for 24 h showed minor signs

of cytotoxicity. In spite of the ATP depletion (Fig. 1A), there was
no significant increase of the percentage of apoptotic nuclei

(Fig. 2A and C) and no indication of necrosis (Fig. 1C and D).

However, after 48 h the ATP level was further diminished as

compared to control and the percentage of cells with

condensed chromatin increased considerably (Table 3), indi-

cating that at this dose of CoCl2 apoptosis was simply delayed.

Heavy metals are known to induce transcription of the Hsp72

gene that can protect the cells from stress. Increased levels of

HSP72 protein have been shown to have protein repair

functions and anti-apoptotic effects [47]. Western blot

analysis of protein extracts revealed that HSP72 was greatly

increased in astrocytes exposed to 0.2 mM CoCl2 for 16 h

(Fig. 2E). This could partially explain the higher cell survival at

this concentration of CoCl2 (Figs. 1 and 2A and C).

3.2. Mitochondrial damage and AIF release

We decided to focus on the 0.5 mM dose for a more thorough

characterization of CoCl2 effects, looking for the up-stream

events responsible for the so-called ‘‘initiation phase’’ of the

apoptotic process. The loss of ATP pointed to a possible

involvement of mitochondrial damage in cobalt toxicity. We

evaluated the mitochondrial membrane potential (DCm) by

using the voltage sensitive probe TMRE. Cobalt exposure for

6 h caused a loss of DCm, as shown by lack of TMRE staining

(Fig. 4B). In order to see if the alterations of the DCm were

linked to the opening of the mitochondrial permeability

transition (MPT) pore, we tested the effects of BKA, a MPT

pore inhibitor. Pre-treatment with BKA significantly reduced



Fig. 2 – Analysis of apoptosis induced by CoCl2. (A) The

percentage of nuclei with chromatin condensation was

determined by PI staining after exposure for 24 h to 0.2–

0.8 mM CoCl2. (B) Time course study of nuclear

condensation following exposure to 0.5 mM CoCl2. The

increase in apoptotic nuclei was time dependent. (C)

Evaluation of the percentage of nuclei with DNA

fragmentation by TUNEL assay. Values in A–C are

means W S.E.M. Statistical analysis was performed with

one-way ANOVA followed by Tukey’s post hoc test

(**p = 0.01; ***p = 0.001, vs. control). (D) Analysis of PARP

cleavage by immunoblotting in protein extracts obtained

from astrocytes exposed to 0.5 mM CoCl2 for 16 h and

controls. The anti-PARP antibody detects both the intact

form (116 kDa) and the 85 kDa-fragment generated by
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the ATP depletion caused by cobalt after 6 h (control,

100 � 6.05; 5 mM BKA, 108.61 � 5.48; 0.5 mM CoCl2,

65.07 � 6.40; 0.5 mM CoCl2 + 5 mM BKA, 91.6 � 3.60, mean-

s � S.E.M., n = 5, *p � 0.05) as well as after 24 h (Table 1). A

similar protection was observed after pre-treatment with the

MPT pore inhibitor cyclosporine A (1 mM) (Table 1). These

results imply that the MPT pore opening is one of the

mechanisms contributing to the ATP decrease. Nevertheless,

the protection by BKA was only partial because the percentage

of apoptotic nuclei at 24 h was unchanged (Table 2). Apopto-

genic mitochondrial factors are usually released as a con-

sequence of the MPT pore opening or other damage of the

mitochondrial membrane. Analysis of subcellular fractions by

Western blotting revealed that cobalt caused the translocation

of AIF from the mitochondria to the cytosol (Fig. 4E). This could

explain the formation of apoptotic chromatin even in the

absence of caspase activation because AIF is sufficient to

induce chromatin condensation and DNA cleavage. The data

point to a critical role of mitochondrial alterations in apoptosis

induced by cobalt.

3.3. ROS formation and effects of antioxidants

Previous work has suggested that oxidative stress may be

involved in the process of cell death induced by cobalt

[16,19,48]. In order to test the hypothesis that excessive

formation of ROS may substantially contribute to the toxic

effects of cobalt also in astrocytes, we measured oxygen

radicals using the carboxy-H2DCFDA dye. Exposure to CoCl2
for 6 h induced a modest but significant increase in ROS, which

was abolished by pre-treatment with the antioxidant n-acetyl-

L-cysteine (5 mM) (Fig. 5), a glutathione precursor as well as

H2O2 and hydroxyl radical scavenger [49,50]. However, neither

n-acetyl-L-cysteine nor other compounds with antioxidant

properties, such as the general radical scavenger n-propyl-

gallate (50 mM) [51] and the peroxy radical scavenger 17b-

estradiol (20 mM) [52], could ameliorate the ATP decrease

caused by CoCl2 (Table 1). In addition, n-propyl-gallate did not

prevent chromatin condensation (Table 2), although it was

efficient in reducing apoptosis caused by 0.4 mM H2O2 (data

not shown). Altogether these results indicate that oxidative

stress does not have a critical role in triggering CoCl2 toxicity in

primary astrocytes.

3.4. Activation of the HIF-1a pathway by hypoxia, CoCl2
and DMOG

Both the lack of oxygen and cobalt are known to stabilize the a-

subunit of the transcription factor HIF-1 via inhibition of its

degradation. We found a higher level of HIF-1a after 3 h of

oxygen deprivation in our astrocyte cultures (Fig. 6A). This was

followed by increased expression of HIF-1 regulated genes,

such as HO-1 (Fig. 6B). Astrocytes exposed to hypoxia showed

ATP depletion (control, 100 � 2.52; 24 h hypoxia, 93.73 � 2.04,

n = 7, *p � 0.05 Student’s t-test) and displayed signs of

apoptosis, e.g. chromatin condensation (Fig. 6C). A significant
caspase degradation. (E) Western blot analysis of the

expression of the stress protein HSP72 in astrocytes

exposed to either CoCl2 or hypoxia for 16 h.



Fig. 3 – (A–F) Double staining of astrocytes with PI to visualize the chromatin (A, D red color) and with an anti iNOS antibody (B,

E green color). Astrocytes exposed 0.5 mM CoCl2 for 24 h (A–C) displayed apoptotic nuclei (see arrowhead in A) and increased

expression of iNOS (B) as compared to control cells (D–F). Pictures were collected at the confocal microscope (C, merging of A

and B; F, merging of D and E). (G–H) detection of chromatin fragmentation with the TUNEL assay in astrocytes exposed to

0.5 mM CoCl2 for 24 h. Nuclei with DNA breaks are labeled in green (H), whereas the chromatin, visualized by PI staining,

appears red (G). Note that in this field there are three apoptotic nuclei but only one, indicated by the arrow, is TUNEL positive.

(I–L) Detection of PS externalization by annexin V staining. At the end of the incubation with CoCl2 for 6 h, cells were

immediately triple stained with cell membrane permeable Hoechst (K), annexin V (I) and cell membrane impermeable PI (L).

Arrowheads indicate cells with condensed chromatin (K) displaying also annexin V positivity (I), without being permeable to

PI (L). (M–N) Immunocytochemical detection of the expression of HO-1 in astrocytes exposed to 0.5 mM CoCl2 for 24 h. HO-1

expression (M) was pronounced in cells with condensed chromatin (N), as pointed by the arrowhead. (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of the article.)
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increase of necrosis was observed after hypoxia for 24 h

(percentage of trypan blue impermeable cells: control,

100 � 4.48, hypoxia, 86.04 � 2.04, n = 3, *p � 0.05 Student’s t-

test) but not at earlier time points.

Exposure to 0.5 mM CoCl2 for 3 h stabilized HIF-1a as well,

as shown by both Western blotting and ELISA (Figs. 6A and 7A),

and there was a higher expression of HO-1 starting from 6 h

(Figs. 3M and 6B). We looked at the expression of other HIF-1

regulated genes that could participate in cobalt toxicity such

as Nip3 and iNOS. Nip3 encodes a pro-apoptotic factor

belonging to the Bcl-2 family, which has been reported to

cause cell damage by translocation to the mitochondrial

membranes [53,54]. Using semi-quantitative real-time RT-PCR

we found increased expression of Nip3-mRNA in cobalt-

exposed cells (Fig. 7B). In agreement, a higher level of NIP3

protein was found after cobalt exposure (Fig. 7C), as well as

following hypoxia (Fig. 6D).

HIF-1 is known to up-regulate the expression of inducible

nitric oxide synthase (iNOS), able to cause detrimental effects
Table 1 – Effects of pre-incubation with various compounds o

Control Pre-t

Z-VAD-FMK (20 mM) (caspase inhibitor) 100 � 3.06 110

n-Propyl gallate (50 mM) (antioxidant) 100 � 3.06 84

17b-Estradiol (20 mM) (antioxidant) 100 � 3.06 89

n-Acetyl-L-cysteine (5 mM) (antioxidant) 100 � 3.53 104

Bongkrekic acid (5 mM) (MPT pore inhibitor) 100 � 1.34 120

Cyclosporin A (1 mM) (MPT pore inhibitor) 100 � 2.15 123

Astrocytes were pre-treated 1 h prior to addition of 0.5 mM CoCl2 for 24 h.

batches of cells. Values (means � S.E.M., n = 6–8) are expressed as perc

ANOVA followed by Tukey’s post hoc test (**p < 0.01; ***p < 0.001).
via increased production of nitric oxide (NO) [27]. We found

that the expression of iNOS was elevated in astrocytes

exposed to CoCl2 for 16 h by immunocytochemisty (Fig. 3B)

and Western blotting (Fig. 7D). However, pre-incubation with

selective iNOS inhibitors L-NAME and L-NIL could not protect

the cells from either ATP depletion or chromatin condensation

(see Supplemental material, Table S1 and S2).

To see if the activation of the HIF-1a pathway could be the

cause of apoptosis, we exposed the astrocytes to DMOG, a well-

known inhibitor of the prolyl hydroxylases responsible for the

ubiquitination and proteasomal degradation of HIF-1a. As a

consequence of HIF-1a stabilization (Fig. 6A), DMOG increases

the expression of HIF-1 regulated genes, i.e. HO-1 (Fig. 6B).

Astrocytes were exposed to DMOG (0.1–1.5 mM) in order to

investigate ATP levels. Only doses �1 mM caused significant

ATP depletion (not shown). Although 1.5 mM DMOG caused a

decrease in ATP similar to that induced by 0.5 mM CoCl2 (Table 4

and Fig. 1A), in this case no significant apoptosis was found

(Table 4). Analysis of chromatin condensation at later time
n ATP levels

reatment 0.5 mM CoCl2 Pre-treatment + 0.5 mM CoCl2

.7 � 2.10 40.9 � 1.34 35.7 � 1.06

.1 � 2.59 40.9 � 1.34 27.7 � 1.47**

.1 � 2.91 40.9 � 1.34 36.3 � 1.19

.0 � 5.67 21.2 � 1.20 23.9 � 1.53

.2 � 5.11 34.5 � 2.17 60.7 � 3.42***

.4 � 1.43 20.8 � 1.43 37.9 � 1.79***

The experiments reported in the table were performed with different

entage of control. Statistical analysis was performed with one-way



Table 2 – Analysis of chromatin condensation in astrocytes pre-incubated for 1 h with various compounds prior exposure
to 0.5 mM CoCl2

Control Pre-treatment 0.5 mM CoCl2 Pre-treatment + 0.5 mM CoCl2

Z-VAD-FMK (20 mM) (caspase inhibitor) 2.4 � 0.70 4.9 � 1.22 34.5 � 2.58 30.1 � 2.25

n-Propyl gallate (50 mM) (antioxidant) 2.1 � 0.29 3.7 � 0.33 56.9 � 1.58 74.5 � 1.22***

Bongkrekic acid (5 mM) (MPT pore inhibitor) 1.9 � 1.94 2.7 � 0.91 47.6 � 2.06 45.9 � 1.81

Values (means � S.E.M., n = 9) are expressed as percentage of nuclei with condensed chromatin. Statistical analysis was performed with one-

way ANOVA followed by Tukey’s post hoc test (***p < 0.001 vs. 0.5 mM CoCl2). The experiments reported in the table were performed with

different batches of cells.
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points (36 h) confirmed that DMOG (1 mM) did not cause

apoptotic cell death (percentage of chromatin condensation:

control, 3.28� 1.02; DMOG, 5.66� 1.46). DMOG instead inhib-

ited cell proliferation, as measured by Brdu incorporation

(Table 4). This reduction of cell number could explain the lower

ATP levels measured in the cultures. We concluded that HIF-1a

stabilization per se was not sufficient to induce apoptotic cell

death in primary astrocytes.

3.5. Alterations of calcium signaling

Prolonged increases of intracellular calcium can contribute to

cell death, for example via swelling and uncoupling of the

mitochondria and by activation of proteases. We measured

[Ca2+]i with the calcium sensitive dye Fluo-3. Basal levels of

[Ca2+]i were unchanged after exposure to cobalt as compared

to control, both at early time points (Fig. 8) and after 24 h (not

shown). Stimulation of P2 receptors with 20 mM ATP caused

the expected [Ca2+]i increase in control cells (Fig. 8). In

contrast, exposed astrocytes displayed an altered response

to ATP. At 0.5–0.8 mM CoCl2 the [Ca2+]i rise was reduced after

1 h (Fig. 8A) and abolished after 3 h (Fig. 8B). Astrocytes

exposed to the 0.2 mM dose had a reduced [Ca2+]i increase

after 3 h (Fig. 8B) and they did not respond at all to ATP after

16 h exposure (not shown). These results suggest that the

disruption of calcium signaling is one of the relevant

mechanisms of cobalt toxicity in astrocytes.
4. Discussion

Exposure to cobalt induced multiple alterations in primary

astrocytes. Early events included stabilization of HIF-1a,

resulting in increased expression of HIF-1 regulated genes,

e.g. stress protein HO-1, pro-apoptotic factor NIP3 and iNOS.

There was also altered calcium signaling and increased
Table 3 – Exposure to 0.2 mM CoCl2 for 48 h induced ATP
depletion and increased the number of nuclei displaying
chromatin condensation

Treatment
(48 h)

ATP level
(% of control)

(n = 4)

Chromatin
condensation

(%) (n = 9)

Control 100 � 2.72 1.9 � 0.24

0.2 mM CoCl2 43.1 � 4.39**** 61.8 � 5.27****

Values are means � S.E.M. (****p � 0.0001, significantly different

from control, Student’s t-test).
generation of oxygen radicals. Mitochondria were a key target

of cobalt toxicity, as shown by loss of DCm, opening of the MPT

pore and release of AIF. This led to apoptosis, i.e. cell

shrinkage, PS flip-flop and chromatin rearrangements, fol-

lowed by secondary necrosis.

At the lowest dose of cobalt tested (0.2 mM) cytotoxicity

was markedly delayed. This could be due to an initial

activation of a stress response, as indicated by a pronounced

expression of HSP72 and HO-1 (Karovic et al., unpublished)

after 16 h, which can allow cells to adapt to the toxic

environment. Transcription of the Hsp72 gene can be induced

by a variety of heavy metals, including cobalt [55]. The activity

of HSP72, which involves salvaging of denaturated proteins or

chaperoning them to degradative system, has the potential to

counteract the effects of cobalt, which has known ability to

bind tightly and irreversibly to proteins [56]. In addition, HSP72

has been reported to reduce apoptosis via inhibition of stress-

kinase JNK [47]. HO-1 also exerts protective functions, by

controlling the redox state of the cell [57]. HO are rate limiting

enzymes in the heme degradation. This process produces

biliverdin, which is converted into bilirubin, free iron and

carbon monoxide. Both biliverdin and bilirubin are potent

antioxidants.

Cobalt caused dose-dependent ATP depletion. The ATP

decrease was an early event and could not be modulated by

antioxidants or by a broad caspase inhibitor. The ATP

depletion could not be simply explained as decreased number

of cells or necrosis, pointing to a disturbance in ATP

production. Notably, cobalt has been reported to interfere

with the Krebs cycle, causing inhibition of mitochondrial

respiration of citrate and a-ketoglutarate [58]. Depletion of

ATP has earlier been shown to follow exposure to cobalt in rat

myocardium [59]. In this tissue the mechanism may be linked

to a reduced manganese-superoxide dismutase (Mn-SOD)

activity [59,60]. In our setting the lowering of ATP was less

pronounced in cells pre-treated with BKA and cyclosporine A,

suggesting that it was partly related to mitochondrial damage.

Mitochondria were an early target of cobalt toxicity in

astrocytes, as shown by the loss of DCm after 6 h. The

collapse of the mitochondria involved the opening of the MPT

pore and the release of apoptogenic factors, such as AIF. The

mitochondrial proteins AIF and Endonuclease G can translo-

cate to the nucleus and induce apoptotic changes in the

chromatin independently from caspase activation [46,61].

Another factor pointing to alterations of the mitochondria

by cobalt in astrocytes was the increased generation of oxygen

radicals. Cobalt was reported to cause accumulation of H2O2 in

granulosa and Hep3B cells and to induce production of

hydroperoxyl radical and superoxide in a rat liver microsomal



Fig. 4 – Mitochondrial damage caused by CoCl2. The mitochondrial membrane potential was evaluated with the voltage-

sensitive fluorescent dye TMRE (A and B), whereas the nuclei were visualized by Hoechst staining (C and D). Astrocytes

exposed to CoCl2 (0.5 mM) for 6 h showed a decrease in TMRE fluorescence (arrow and arrowhead in B) as compared to

control cells (A), suggesting loss of DCm. At the same time they displayed chromatin rearrangements, such as nuclear

condensation and fragmentation (arrow and arrowhead, respectively, in D) as compared to control cells (C). (E) Analysis of

AIF translocation from the mitochondria to the cytosol by immunoblotting, using subcellular fractions obtained from

astrocytes exposed to 0.5 mM CoCl2 for 3–16 h.

Fig. 5 – Exposure to either CoCl2 (0.5 mM) or H2O2 (0.4 mM)

for 6 h increased ROS formation in primary astrocytes.

These effects were abolished by pre-incubation with NAC

(5 mM) for 1 h. Oxygen radicals were measured with

carboxy-H2DCFDA. Values are means W S.E.M., n = 6.

Statistical analysis was performed by one-way ANOVA

followed by Tukey’s post hoc test (**p < 0.01; ***p < 0.001).
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system [62–64]. Moreover, cobalt was found to cause glu-

tathione depletion in neuroblastoma SHSY5Y cells and rat liver

[16,65], as well as ROS accumulation via a process not requiring

mitochondrial electron transport in MCF-7 cells [23]. Oxidative

stress-mediated activation of the nuclear transcription factor

AP-1 and protection from apoptosis by antioxidants were

described in cobalt-exposed PC12 cells [19]. In our glial cultures

the ROS increase was rather small, perhaps due to the

concomitant increased expression of HO-1, which can prevent

generation of oxygen radicals [57]. Moreover, antioxidants did

not protect from chromatin condensation or ATP loss. The same

was also true for human alveolar macrophages [20] and mouse

embryonic fibroblasts [53], showing that mechanisms by which

cobalt chloride induces cellular damage and death may differ

markedly between cell types. Although our data suggest that

important aspects of cobalt cytotoxicity are independent of

oxidativestress inastrocytes, it ispossible that thesmallchange

in the redox state contributes to the induction of the HIF-1a

pathway, as shown in other studies [66].

An increase in cytosolic Ca2+ is a common feature of many

forms of cell death, and can potentiate the generation of ROS

[67]. Aley et al. [68] have recently shown that hypoxia

mobilizes Ca2+ from intracellular stores. We did not detect

changes in the basal level of [Ca2+]i following cobalt exposure,



Fig. 6 – Alterations induced by hypoxia and CoCl2. (A)

Western blot detection of HIF-1a in astrocytes exposed to

hypoxia, CoCl2 (0.5 mM) or DMOG (1.5 mM) for 3 h. (B)

Increased expression of HO-1 was found after the

treatment with either 0.5 mM CoCl2 or hypoxia for 6 h, as

well as after exposure to DMOG (1.5 mM for 16 h). Hypoxic

conditions caused a significant increase in chromatin

condensation (**p = 0.01; ***p = 0.001, vs. control), as

detected by PI staining (C), and a higher expression of NIP3

after 6 h, as evaluated by Western blotting (D).

Fig. 7 – Activation of the HIF-1a pathway by 0.5 mM CoCl2.

(A) Increased expression of HIF-1a was found by ELISA in

primary astrocytes exposed to CoCl2 for 3 h (control,

101.1 W 7.39; 0.5 mM CoCl2, 220.9 W 48.36, n = 5, *p = 0.05

Student’s t-test). (B) Semi quantitative RT-PCR revealed an

increased expression of Nip3 mRNA after 6–24 h and

immunoblots showed a higher level of the NIP3 factor after

6 h (C). The expression of iNOS was increased after 16 h, as

shown by Western blotting (D).

Table 4 – Cytotoxic effects due to stabilization of HIF-1 a

by exposure to DMOG

End-point of
cytotoxicity

Time (h) Control DMOG
(1.5 mM)

ATP, n = 4 24 100 � 2.78 58.23 � 2.06***

Chromatin condensation

(%) n = 12

24 5.27 � 0.74 6.71 � 1.15

Total cell number

(�103), n = 4

16 352 � 36 247 � 27**

Brdu incorporation

(%), n = 16

6 17.1 � 3.20 8.4 � 1.78*

Values are means � S.E.M. Statistical analysis was performed with

the Student’s t-test (*p � 0.05; **p � 0.01; ***p � 0.001).
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even at late time points when there was collapse of the

mitochondria. This may relate to the blockade of voltage

activated calcium channels by cobalt [69], resulting in reduced

calcium influx and, perhaps, depletion of intracellular calcium

stores, e.g. mitochondria and endoplasmic reticulum. We did

not study this directly but found that [Ca2+]i increase induced

by ATP was dose-dependently reduced, indicating effects on

many types of Ca2+ channels.

Cobalt is commonly used as a mimic of hypoxia and as a

stimulus to induce pre-conditioning in experimental models

[24]. We attempted a comparison among cobalt exposure,

oxygen deprivation and treatment with DMOG in primary

astrocytes. Our data show that these three stimuli induced

similarly the expression of HIF-1 regulated genes, confirming

the gene expression profile recently obtained from oxygen-

deprived rat astrocytes [70]. The levels of HIF-1a have been

found increased also during brain ischemia in the rat [24,71]

and associated with markers of apoptosis after traumatic

brain injury [72]. In our glial cell model HIF-1a stabilization

elevated the level of proteins that can potentially contribute to

cell death, i.e. iNOS and NIP3. However, the activation of the

HIF-1a pathway led to different effects depending on the
stimulus used. The HIF-1a stabilizer DMOG caused ATP

changes that mirrored inhibition of cell proliferation and

did not lead to cell death. In contrast, both hypoxia and cobalt

exposure were associated with compromised ATP production,

possibly linked to metabolic changes, which resulted in death

of the astrocytes. This is certainly due to additional cellular

mechanisms modified by cobalt and hypoxia as compared to

DMOG. We can conclude that HIF-1a stabilization is not

sufficient to cause apoptosis in our model.



Fig. 8 – CoCl2 reduced the response to ATP stimulation.

[Ca2+]i was measured with Fluo-3 in astrocyte cultures

exposed to CoCl2 either for 1 h (A) or 3 h (B). After baseline

recording for 5 s, cells were stimulated with 20 mM ATP

and the recording was continued for 20 s. Values

(means W S.E.M., n = 3) are expressed as DF = Ft S F0, i.e.

the fluorescence signal reading at 535 nm (Ft) with

background (F0) subtracted.
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Here we show that cobalt exposure recapitulates a number

of events reported under hypoxic-ischemic conditions in

astrocytes in vivo and in vitro, including PS externalization,

DNA fragmentation and chromatin condensation, as well as

mitochondrial damage and a modest increase in ROS genera-

tion [31,32,73]. Both cobalt exposure and oxygen deprivation

caused ATP depletion in our astrocyte cultures, but ATP was

decreased to a lower extent by hypoxia, suggesting that cobalt

has additional distinct cellular targets.Gene expression profil-

ing has shown that cobalt not only increases a battery of genes

similar to that upregulated by hypoxia, but also regulates

some specific genes, e.g. metallothionein 1 [74]. We and other

have reported that it induces HSP72 [55]. Furthermore, cobalt

is a well-known blocker of voltage-gated calcium channels,

which may be the reason of its inhibition of morphological

differentiation induced by cAMP in astrocytes [69,75]. We have

found inhibition of calcium signaling, measured as response

to ATP, at early time point of cobalt exposure. Both P2X and

P2Y receptors have been shown to be involved in the [Ca2+]i
rise caused by ATP in primary cultures of rat astrocytes [76].

Based on the capability of cobalt to bind and modulate P2X

receptors [77] it is likely that the inhibition of the response to
ATP is due to reduced Ca2+ influx through P2X ligand-gated

calcium channels. Further experiments are needed to clarify

the mechanisms responsible for the inhibition of the ATP

response by cobalt in glial cells. ATP signaling is a relevant

target of toxicity because it is implicated in cell-to-cell

communication in the brain. Stimulation of astrocytes with

ATP causes a propagating wave of [Ca2+]i rise that regulates

communication with other astrocytes as well as with other

neural cells [76].

It is commonly accepted that astrocytes are less susceptible

than neurons to hypoxia. This is due, at least in part, to the fact

that astrocytes can compensate the lack of oxygen by

switching from oxidative phosphorylation to the glycolytic

pathway. On the contrary, neurons rely on oxygen for ATP

generation and do not increase anaerobic metabolism to

maintain energy production upon inhibition of oxidative

phosphorylation [78]. However, prolonged hypoxia results

also in cytotoxicity in astrocytes [79]. Similarly to oxygen

deprivation, cobalt exposure has been shown to cause cellular

damage in both neurons and astrocytes. In contrast, there is

yet no evidence that the susceptibility to cobalt differ between

cell types. Neurons and astrocytes, as well as other type of

cells, are affected in the same range of doses [17,19,20,22,80].

Previous work [17,19,22,80] and the present study point to

common toxicity mechanism. These include increased gen-

eration of ROS and mitochondrial damage with release of

mitochondrial factors that lead to apoptosis [17,19,22,80].

Another feature reported to occur in both types of neural cells

is an increased expression of MAP kinases, which are well

known for their cell proliferation and differentiation-inducing

pathways and are also associated with apoptosis. In both PC12

neuronal and C6 glioma cell models MAP kinase inhibitors

were shown to have protective effects [17,22]. We have also

observed increased phosphorylation of both ERK1/2 and p38 in

primary astrocytes undergoing cell death (see Supplemental

material, Fig. S1) but MAP kinase inhibitors did not reduce

cytotoxicity (see Supplemental material, Table S1 and S2),

suggesting that the apoptotic pathways induced by cobalt may

not be strongly associated with signal transduction via MAP

kinases in this type of cells.

In conclusion, we provide novel evidence that cobalt causes

numerous toxic effects in primary glial cells. These include

mitochondrial damage with release of apoptogenic factors,

ultimately resulting in cell death by apoptosis. Several

molecular pathways stimulated by cobalt, e.g. the expression

of HIF-1a regulated genes and the mode of cell death, are

reminiscent of events caused by oxygen deprivation in brain

cells, but cobalt seems to have also specific intracellular

targets. The characterized end-points of toxicity will be useful

in future studies aiming to identify responses of astrocytes to

cobalt in vivo and provide a platform for using cobalt as a

mimic of hypoxia in glial cells.
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[34] Daré E, Li W, Zhivotovsky B, Yuan X, Ceccatelli S.
Methylmercury and H2O2 provoke lysosomal damage in
human astrocytoma D384 cells followed by apoptosis. Free
Radic Biol Med 2001;30:1347–56.

[35] Yee S, Choi BH. Oxidative stress in neurotoxic effects of
methylmercury poisoning. Neurotoxicology 1996;17:17–26.

[36] Merker K, Hapke D, Reckzeh K, Schmidt H, Lochs H, Grune
T. Copper related toxic effects on cellular protein
metabolism in human astrocytes. Biofactors 2005;24:
255–61.

http://dx.doi.org/10.1016/j.bcp.2006.11.008


b i o c h e m i c a l p h a r m a c o l o g y 7 3 ( 2 0 0 7 ) 6 9 4 – 7 0 8 707
[37] Im JY, Paik SG, Han PL. Cadmium-induced astroglial death
proceeds via glutathione depletion. J Neurosci Res
2006;83:301–8.

[38] Hazell AS. Astrocytes and manganese neurotoxicity.
Neurochem Int 2002;41:271–7.

[39] Winkler DG, Park I, Kim T, Payne NS, Walsh CT, Strominger
JL, et al. Phosphorylation of Ser-42 and Ser-59 in the N-
terminal region of the tyrosine kinase p56lck. Proc Natl
Acad Sci USA 1993;90:5176–80.
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