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Abstract The second post-natal week in rat is the period

of the most intense oligodendrocyte development and

myelination. This period coincides with peak iron import

by oligodendrocytes. During that time oligodendrocyte

progenitors (OPCs) are sensitive to agents that may disturb

normal iron homeostasis and assimilation of iron into these

cells. One mechanism by which iron homeostasis can be

disrupted is by environmental exposure to other metals.

Vanadium is a transition metal, and exposure to vanadium

during early brain development produces hypomyelination

with variety of related neuro-behavioral phenotypes. In the

current study, we investigated mechanisms of hypomyeli-

nation induced by vanadium exposure in developing rat

brain. We demonstrate that both in vivo and in vitro, OPCs

are more sensitive to vanadium exposure than astrocytes or

mature oligodendrocytes. Vanadium exposure in OPCs

resulted in increased ROS generation and increased an-

nexinV labeling suggestive of apoptosis. Because ferritin is

a major iron delivery protein for oligodendrocytes, we

exposed the cells to recombinant ferritin and iron both of

which exacerbated vanadium cytotoxicity, while the iron

chelator desferroxamine (DFO) prevented cytotoxic/apop-

totic effects of vanadium. To illustrate relationship

between ferritin and vanadium, we demonstrate that

vanadium exacerbated DNA nicking produced by iron-rich

spleen ferritin, but not iron-poor apoferritin, resulting in a

single and double strand breaks in a DNA relaxation assay.

We propose that developmental exposure to vanadium

interferes with normal iron assimilation into oligodendro-

cytes resulting in oxidative stress and apoptosis. Therefore,

depletion of OPCs due to vanadium exposure in early post-

natal period may be an important mechanism of vanadium-

induced hypomyelination.
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Abbreviations

OPCs Oligodendrocyte progenitor cells

ROS Reactive oxygen species

DFO Desferroxamine

Fe Iron

V Vanadium

H2O2 Hydrogen peroxide

Introduction

Vanadium is a metal in the first transition series and it is

widely distributed in nature (Nriagu and Pacyna 1988).

While some derivatives of vanadium have been found

useful in medicine and industry (Ray et al. 2006), acute

environmental and occupational exposure to this metal
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continues to be a health risk to humans and animals

(Shrivastava 2007). Vanadium emission from human

industrial activities has been estimated to comprise about

53% of total atmospheric vanadium (Hope 1994). A major

source of vanadium toxicity remains the burning of fossil

fuels in the Arabian Gulf (Haider et al. 1998) and the Niger

Delta region of Nigeria (Igado et al. 2008) where massive

incidental and or intentional burning of vanadium con-

taining fuels results in pollution of confined ecosystems.

Little is known about tissue and cellular mechanisms of

vanadium toxicity. Current opinion is that vanadium

induces oxidative stress caused by free radical generation

and this action has been strongly linked to the majority of

the toxic and molecular effects of vanadium compounds on

biological systems (Evangelou 2002). Antioxidants such as

vitamin E (a-tocopherol) and its derivatives, ascorbic acid

and catalase, directly or indirectly protect cells against

adverse effects of toxic radical reactions resulting from

vanadium exposure (Mates 2000). Vanadium at the ?5

oxidative state (metavanadate) entering the biological

system is reduced to vanadyl (IV) by glutathione in

erythrocytes or by ascorbic acid and other reducing sub-

stances in plasma and then transported by albumin and

transferrin, a major iron transport protein (Sabbioni and

Marafante 1981; Degani et al. 1981). At the cellular level,

vanadium (V) enters the cell through anion transport

mechanisms (Heinz et al. 1982) and/or the transferrin/

transferrin receptor system (Nagaoka et al. 2004), and

becomes reduced to vanadyl mainly by intracellular glu-

tathione (Sabbioni et al. 1993). Although there is little data

in relation to vanadium interactions with iron within bio-

logical systems, it is possible that absorbed vanadium is

bound in part to transferrin and that vanadium could

interfere with the metabolism and storage of iron and vice

versa (EVM 2002). A similar mechanism has been pro-

posed for aluminum (Roskams and Connor 1990).

One of the major pathologic effects of vanadium on

CNS appears to be myelin disruption (Garcia et al. 2004).

Treating adult rats with vanadium results in histological

disruption of myelin, which is accompanied by increased

lipid peroxidation in discrete brain areas (Garcia et al.

2004; Sasi et al. 1994). Exposure of neonatal rats to sodium

metavanadate results in a variety of behavioral defects with

motor impairments (Soazo and Garcia 2007). The behav-

ioral alterations were accompanied by and attributed to

significant myelin pathology; decreased thickness of corpus

callosum and decreased staining of MBP in corpus callo-

sum and cerebellum (Soazo and Garcia 2007). The relevant

follow up question to this latter study is the effect of

vanadium on oligodendrocytes, the myelin producing cells

in the CNS. The answer to this question will be key in

developing treatment strategies for vanadium toxicity. We

hypothesized that developmental exposure to vanadium

causes hypomyelination via destruction of oligodendrocyte

progenitors by virtue of interfering with iron assimilation

and increasing iron release from ferritin, resulting in oxi-

dative stress and apoptosis of OPCs.

In the current study, we show that vanadium exposure in

the early post-natal period results in destruction of oligo-

dendrocyte progenitors, but not astrocytes both in vivo and

in vitro. We also demonstrate that vanadium exposure

produces a cytotoxic effect on OPCs resulting from

increase in oxidative stress and apoptosis of OPCs. Finally

we show that vanadium induces release of iron from fer-

ritin and that ferritin and iron exposure exacerbates the

cytotoxic effects of vanadium. Considering the established

role of ferritin in iron homeostasis of developing oligo-

dendrocytes (Todorich et al. 2009), our findings suggest

that high content of iron and ferritin in developing

oligodendrocytes make them uniquely vulnerable to vana-

dium exposure, and that the destruction of OPCs may be

the key contributor to vanadium-induced developmental

hypomyelination.

Materials and Methods

Reagents

Sodium metavanadate (Sigma) was obtained as powder and

diluted with PBS to a stock solution of 2.5 mM, which was

kept in aliquots at -20�C, and used as needed. Desfer-

roxamine (Sigma) was dissolved in water and frozen in

100 mM aliquots of stock solution, which were used for

individual experiments.

Animals

Pregnant Sprague–Dawley rat dams at two weeks of ges-

tation were purchased from Charles River Laboratories,

and housed at Pennsylvania State University College of

Medicine Animal Core facilities. All experiments on ani-

mals were performed in accordance with ethical standards

and Institutional animal care and use committee (IACUC,

protocol numbers: 98-007; 2008-022). Starting at post-natal

day 1 (P1), rat pups (N = 5) were injected with 3 mg/kg

Na-metavanadate IP once daily for 14 days as reported in

Garcia et al. (2004) and Soazo and Garcia (2007)). These

concentrations were previously shown to induce hypomye-

lination in both adult and developing rat pups (Garcia et al.

2004; Soazo and Garcia 2007). Littermate controls (N = 5)

receiving the same volume of saline were used as controls.

The pups were housed with their dams with ad libitum

access to food. During the study their weights were mea-

sured daily on a benchtop scale. At P15, rotarod testing of

motor function was performed on the vanadium-treated and
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control rats. Briefly, all animals were taken through a

training period on the rotarod, and subsequently tested in

three independent trials at a speed of 5 rpms. The outcome

was the time it took for the rat to fall off the rotarod. The

rotorod performance was scored by two investigators blin-

ded to the experimental condition with good concordance.

The times of three trials were averaged across each group and

evaluated for statistical significance using unpaired t-test.

Subsequently, animals were anesthetized and perfused tran-

scardially with ice-cold PBS (pH = 7.4) for 10 min. Brains

were removed and placed in 4% paraformaldehyde for 24 h.

Subsequently after a brief rinse in PBS, brains were taken

through the sucrose gradient (10, 20, and 30% sucrose) and

kept frozen at -80�C. The brains were sectioned in cryostat

starting at mid-sagittal plane laterally at 20 lm thickness, with

every other section (1st, 3rd, 5th…) used for immunohisto-

chemical study.

Immunohistochemistry

Frozen sections were thawed, and immersed in PBS. Antigen

retrieval was done in 10 mM citrate buffer (pH = 6.0) for

25 min, with subsequent peroxidase quenching in 3% H2O2/

methanol. All the sections were blocked in 2% milk over-

night and probed either with anti-NG2 rabbit polyclonal

antibody, 1:500 (Millipore) or anti-GFAP mouse monoclo-

nal antibody 1:400 (Sigma) diluted in 2% milk for 16 h at

4�C. Detection of bound antibody was done using appro-

priate HRP-conjugated secondary antibodies in VECTA-

STAIN kit (Vector Labs) according to manufacturer’s

protocol. Reaction product was enhanced with DAB (1:25

dilution) for 6–10 min, with subsequent dehydration in

ethanol. The slides were mounted with Gel Mount, covers-

lipped and dried. Images were acquired on Nikon bright-field

microscope equipped with digital camera. To quantitate the

number of oligodendrocyte progenitors and astrocytes in

each treatment group, random sections (four per animal, total

of N = 5 animals per treatment group) of genu corpus cal-

losum stained for NG2 and GFAP markers, which were

counted by two blinded investigators at 409 magnification.

Only the cells where process branching and the nucleus was

clearly visible were counted. This approach eliminated

endothelial cells that were stained by NG2 antibody. The cell

counts were expressed as number of cells per 409 field and

represent pooled data from two independent investigators.

The data were evaluated for statistical significance using

unpaired t-test.

Primary Cultures

Primary cultures were prepared from newborn rat pups of

CRL SD rats according to standard protocol of McCarthy

and de Vellis (1980). Briefly, newborn rat pups were

decapitated and heads immersed in 70% ethanol, following

by extensive washing with Hank’s balanced salt solution.

The brain was extracted and meninges carefully removed.

The cerebral tissue was diced and trypsinized for 30 min.

Following digestion with DNAse I, the tissue homogenate

was passed through 150 and 75 lm Nitex screens. Filtered

cells were resuspended in plating medium (DMEM/10%

FBS) and cultured for 8 days. To purify different types of

glia, mixed glial cultures obtained in this way were sub-

jected to a serial shaking purification protocol (McCarthy

and de Vellis 1980). First, the microglia was removed by

shaking for 1 h at 265 rpms. Subsequently, oligodendro-

cyte progenitor cells were removed by shaking for 18 h at

265 rpms. The remaining astrocytes were allowed to

recover for one day, and then collected by trypsinization,

counted and plated for experiments in poly-D-lysine coated

24-well plates. The oligodendrocyte progenitor fraction

was subsequently further purified by differential adhesion

through incubation in Petri dish for 30 min to remove more

adherent astrocytic and microglial contamination. This

procedure routinely yielded [90% pure population of

OPCs (verified by A2B5 staining, not shown). These cells

were then re-plated in poly-D-lysine coated 24-well plates

or 4-well chamber slides in N2S media (composition

described by Bottenstein 1986; Zhang et al. 2005) and used

for experiments.

Immunostaining of OPCs for H-ferritin

Primary rat OPCs plated in chamber slides were washed in

PBS fixed for 5 min in freshly prepared ice-cold 4% para-

formaldehyde for 5 min. After two washes in PBS, cells were

air dried and frozen at -80�C. The day of the experiment,

cells were thawed and permeabilized in 0.1% Triton X100

for 5 min. After three washes in PBS, cells were blocked in

10% Normal Goat Serum (NGS) for 16 h, with exposure to

primary antibodies diluted in 1.5% NGS for 16 h. The pri-

mary antibodies used were anti-H-ferritin rabbit polyclonal

1:100 (Cheepsunthorn et al. 1998) and anti-A2B5 mouse

IgM 1:100 (R&D Systems). Nuclei were stained with DAPI

at 1:750 dilution (Invitrogen). Staining was visualized with

anti-rabbit-AF488 and anti-mouse IgM-AF555 antibodies

(Molecular Probes) at 1:150 dilution for 1.5 h. Images were

acquired at Leica confocal microscope.

Cytotoxicity Assays and Apoptosis Analysis

Primary cells (oligodendrocytes or astrocytes) were treated

with Na-metavanadate or Na-metavanadate plus DFO at

different concentrations. Untreated cells (with vehicle)

served as control. In all experiments, cells were exposed to

these experimental conditions for 48 h, unless indicated

otherwise. The cell viability was determined using MTT
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assay according to manufacturer’s protocol, and absor-

bance measured on plate reader at 595 nm. All absorbance

values were normalized to control to obtain percent sur-

vival. Alternatively, for apoptosis detection cells were

washed with PBS (pH = 7.4) for 5 min and then exposed

to Annexin V-AlexaFluor488 (Molecular Probes) in

Annexin binding buffer at 1:25 dilution for 40 min. Cells

were washed in binding buffer and visualized under Nikon

fluorescence microscope. Representative images of

Annexin binding to treated OPCs in random fields were

reproduced, and Annexin V-labeled cells counted in five

random fields for each experimental condition in triplicates

by an experimenter blinded to the experimental condition.

The counts in different experimental groups were averaged

and evaluated for statistical significance using one-way

ANOVA.

Intracellular ROS Measurements

Primary rat OPCs were plated at a concentration of 0.5

million cells per well in 6-well plates. The cells were

treated with 100 lM Na-metavanadate in N2S media for

6 h. Subsequently, cells were washed in warm Hank’s

buffer and incubated with 10 lM 20-70-dichlorofluorescein

(DCFH-DA; Calbiochem) diacetate dye for 1 h as previ-

ously described (Mawatari et al. 1996). After incubation,

the cells were collected mechanically, resuspended in PBS

buffer and aliquoted in 96-well plates. Fluorescence was

measured on Gemini SpectraMAX plate reader with

495 nm excitation and 515 nm emission spectra. The

obtained fluorescence values were averaged and evaluated

for statistical significance using unpaired t-test.

Ferritins

Purified horse spleen ferritin (SF) and horse spleen apo-

ferritin (Apo-SF) were obtained from Calbiochem.

Recombinant human H-ferritin cDNA tagged with poly-

histidine was subcloned into peT plasmid, amplified, ver-

ified by sequencing. The plasmid was transformed into

competent BL21 E. coli and protein overexpression

induced with IPTG (isopropyl-b-D-thio-galactoside) when

the OD value of bacterial culture reached 0.7. The

recombinant H-ferritin was purified over Nickel column

(Pierce) according to the manufacturer’s protocol as

described previously (Todorich et al. 2008). The identity

and purity were verified by Western blot (anti-human

H-ferritin HS-59 monoconal antibody, generous gift from

Dr. Paolo Arosio) and purity by Comassie staining of SDS

PAGE gel with 10 lg of protein loaded per well, respec-

tively. We verified the presence of ferroxidase activity of

this recombinant protein by measuring rate of oxidation of

ferrous into ferric iron at 310 nm absorbance (Fig. 6b). We

incubated 100 ll of 0.4 lg/ll rH-ferritin in PBS solution

(pH = 7.4) with an aliquot of ferrous sulfate; the same

experiment with PBS alone (no ferritin) served as a control

of auto-oxidation rate of ferrous sulfate in PBS buffer. We

monitored time-dependent formation of ferric iron in

solution by measuring absorbance at 310 nm. The results in

Fig. 6b show that the presence of recombinant H-ferritin

increase speed and amount of ferric iron formation com-

pared to baseline auto-oxidation of the same in PBS buffer

alone as detected by time-dependent increase in absorbance

at 310 nm. To evaluate interaction between ferritin, iron,

and vanadium exposure in OPCs, we exposed primary rat

OPCs to 100 lM vanadium in the presence of increasing

concentrations of TMH-Fe or recombinant H-ferritin for

48 h. Untreated cells and OPCs treated with TMH-Fe or H-

ferritin alone served as baseline controls. The cell viability

was determined by MTT assay, with total absorbances

determined at 595 nm, and expressed as percentage of

untreated control to obtain percent survival (Fig. 6c, d).

Ferritin-Iron Release and DNA Relaxation Assay

Supercoiled DNA relaxation assay was used to determine

mechanism of vanadium-induced iron release from ferritin

as described previously (Surguladze et al. 2004). This assay

uses supercoiled DNA that runs as a low-MW ladder on

agarose gel whose nicking in response to ferritin is highly

dependent on release of free iron that catalyzes production

of free radicals. As a result, single strand breaks (resulting

in relaxed form of the plasmid, high MW band) and/or

double strand breaks (resulting in linear form of the plas-

mid, intermediate MW band) were produced proportionally

to the amount of redox active iron released from ferritin

(Surguladze et al. 2004). The pUC19 supercoiled DNA

plasmid (New England Biolabs) was incubated with van-

adate alone or various recombinant ferritins either alone or

in the presence of vanadate. The reaction mixtures (20–

30 ll) contained DNA (0.5 or 1 lg), dissolved in 10 mM

HEPES (pH 7.5), 50 mM NaCl, 2.5 mM MgCl2, 2.5 mM

DTT. Reactions with ferritins, DNA and vanadium were

incubated for increasing time duration and quenched by

addition of 10 lL of 50% glycerol, 50 mM EDTA, 50 mM

EGTA, and 0.1% bromophenol blue. The samples are

separated using 1.5% agarose gel run in 40 mM Tris–

acetate, 1 mM EDTA (TAE), pH 8.0. The DNA bands

were visualized using SYBR green staining (Invitrogen)

according to manufacturer’s protocol.

Results

To investigate the in vivo effects of vanadium exposure on

myelin producing cells in CNS, we exposed newborn rats
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for the first two weeks after birth to daily injections of

3 mg/kg sodium metavanadate. Littermate rats of same sex

receiving same volume of PBS served as controls. The

vanadium-treated rat pups had a comparable, although

slightly decreased (statistically significant at several time

points), rate of weight gain in the first two weeks of

development (Fig. 1a). The pups receiving vanadium

injections had a substantial impairment in motor function at

P15 as demonstrated by rotarod testing (Fig. 1b). Upon

histological examination of the brains of the P15 rat pups,

we observed a 2.5-fold decrease in the number of NG2-

positive oligodendrocyte progenitors in the genu of corpus

callosum of vanadium-treated rats compared to controls

(Fig. 2a, b, e). Conversely, the number of astrocytes in the

same region of corpus callosum was increased in the

vanadium-treated group (Fig. 2c, d, f), and astrocytes of

the vanadium-treated group had more extensive branching

suggestive of activation (Fig. 2c, d).

The in vivo data suggested that vanadium was cytotoxic

to oligodendrocytes, but stimulated astrogliosis. To inves-

tigate whether this observed effect in vivo is due to the

differences in the relative sensitivity of glial cells to

cytotoxic effect of vanadium compounds, we generated

primary rat cultures enriched in oligodendrocyte progenitor

cells, mature oligodendrocytes, and astrocytes. The enri-

ched cultures of different glia (OPCs, mature oligoden-

drocytes, and astrocytes) were exposed to increasing

concentrations of Na-metavanadate for 48 h. The cell

viability was determined using MTT assay, and absorbance

normalized to control (untreated) to obtain percent sur-

vival. While vanadium was cytotoxic in dose-dependent

manner to all three cell types studied, the primary OPCs

were much more sensitive to vanadate exposure than

astrocytes or mature oligodendrocytes. By comparing the

same concentration of metavanadate treatment across dif-

ferent cells types, we found the primary OPCs had a LD50

of approximately 75 lM, while the LD50 was approxi-

mately 200 lM for primary astrocytes and mature oligo-

dendrocytes (Fig. 3a–c).

To begin to examine the mechanism of cell stress and

cytotoxicity induced by vanadium exposure in OPCs, we

measured ROS generation in OPCs using dichlorofluores-

cein dye (DCF). Vanadium exposure in OPCs resulted in

nearly 3-fold increase in DCF flourescence compared to

baseline in control (untreated cells) (Fig. 4a). We also

determined that exposure to Na-metavanadate resulted in

inversion of phosphatidyl serine at the membrane, as

detected by AnnexinV labeling, suggestive of apoptosis

(Fig. 4b). At 12 h post-treatment, 100 lM Na-metavana-

date produced 10-fold increase in number of annexinV-

positive cells compared to the untreated control.

Collectively, these data suggest that induction of oxidative

stress and apoptosis underlie cytotoxic mechanism of

vanadium exposure in oligodendrocyte progenitors.

To investigate a possible relationship between iron and

vanadium toxicity in oligodendrocyte progenitors, we

exposed primary rat OPCs to 100 lM Na-metavanadate

with or without concurrent treatment with increasing con-

centrations of iron chelator desferroxamine (DFO) for

48 h, and then analyzed morphology and cell viability

using bright-field microscopy and a MTT assay, respec-

tively. Vanadium-treated oligodendrocyte progenitor cells

had retracted processes and membrane fragmentation was

clearly visible at 48 h post-treatment, whereas, the control

(untreated cells) have extended and ramified processes

(Fig. 5a, b). Furthermore, the cell morphology including

Fig. 1 Vanadium exposure during early post-natal period leads to

impaired motor functioning. Newborn rat pups were injected with

3 mg/kg body weight of Na-metavanadate solution IP once per day

for 14 days (N = 5). Injection of equal volume of PBS to littermate

siblings served as control (N = 5). Each day, weights of the pups

were measured and plotted as means with standard deviation (a). The

mean weights at each day were evaluated for statistical significance

using paired t-test at each time point (ns, not significant; * P \ 0.05;

** P \ 0.01; *** P \ 0.0001). At P15, vanadium-treated and control

rats were subjected to rotarod testing of motor function. Each rat was

evaluated in three independent trials with rest periods in between. The

time from start of rotarod to the moment that the rat fell of the rotarod

was recorded by two blinded investigators (b). The values were

averaged and evaluated for significance using one-sided t-test

(** P \ 0.01)
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branching was preserved when 100 lM DFO was co-

incubated with the vanadium (Fig. 5c). Cell viability was

determined by MTT assay. In Fig. 5d, we show that

100 lM vanadium kills 70% of primary OPCs, an effect

that was partially reversed by different concentration of

iron chelator DFO. A similar effect is seen with vanadium-

induced apoptosis in OPCs; vanadium treatment signifi-

cantly increases annexinV labeling of OPCs while 100 lM

DFO co-treated OPCs had annexinV staining similar to

baseline levels (Fig. 5e). These data suggested that the

limiting iron availability to OPCs at the time of vanadium

exposure provided partial protection from vanadium-

induced cytotoxicity.

As mentioned, iron acquisition by oligodendrocytes

seems to be a key step in the oligodendrocytes maturation

and the ability of an iron chelator to limit vanadium-related

damage to the OPCs suggest a potential interaction. Iron

acquisition and management in developing oligodendro-

cytes appears to involve expression of cytosolic ferritin and

delivery of iron via endocytosis of extracellular H-ferritin

(Cheepsunthorn et al. 1998; Hulet et al. 2000; Todorich

et al. 2008). Primary rat OPCs were treated either with

100 lM Na-metavanadate alone or in the presence of

increasing concentration of recombinant human H-ferritin

for 48 h, and the cell viability at the time measured using

MTT assay. The results summarized in Fig. 6c show that

Fig. 2 In vivo, vanadium

exposure during early post-natal

period results in a decreased

number of NG-2 positive

oligodendrocyte progenitors and

increased GFAP-positive

astrocytes in genu corpus

callosum of P15 rat. Beginning

at birth, rat pups were injected

with vanadium (3 mg/kg IP

once daily) or PBS (IP once

daily) until P15. The rats were

killed and sagittal sections of

the brain stained for NG-2 and

GFAP markers. For this panel,

representative images taken

from random fields showing

NG2-positive OPCs (a, b), and

GFAP-positive astrocytes (c, d)

in genu corpus callosum of

metavanadate treated and

control (PBS) rats. The number

of NG2-positive and GFAP-

positive cells were counted by

two blinded investigators and

averages of N = 5 per group

counts are shown per high-

powered field (HPF, 409) in (e)

and (f), respectively. The

differences between groups

were evaluated for significance

using unpaired t-test

(* P \ 0.05; ** P \ 0.01)
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increasing concentrations of recombinant H-ferritin exac-

erbated cytotoxic effect of Na-metavanadate on primary rat

OPCs as measured by the MTT assay. The same concen-

trations of recombinant H-ferritin without vanadium had no

significant effect on viability of OPCs. When primary

OPCs were exposed to the increasing concentrations of

TMH-ferrocene (a lipophilic compound that can deliver

iron into cells independent of iron-import proteins), in the

presence of Na-metavandate, a dose-dependent relationship

was observed (Fig. 6d). There was no effect on OPC cell

viability when the highest concentration of TMH-ferrocene

was used alone. These data indicate that increasing iron

availability to OPCs exacerbates cytotoxic effects of vana-

dium, and that vanadium interaction with H-ferritin may be

an important determinant of oligodendrocyte survival.

Because of their high iron content and high iron utili-

zation, mature oligodendrocytes also express high levels of

endogenous H-ferritin (Connor et al. 1994; Connor and

Menzies 1996; Connor et al. 1990). To show that this is

also true in oligodendrocyte progenitors we immunostained

OPCs for H-ferritin. In Fig. 7 we demonstrate that H-fer-

ritin immunoreactivity within A2B5-positive oligodendro-

cyte progenitor cells in culture is primarily localized in

perinuclear region of the cell body. There was minimal

staining of the cell processes and no staining in cells where

primary antibody to H-ferritin was omitted (data not

shown). These results are important to our interpretation of

the vanadium toxicity results where we propose that

vanadium may interfere with iron homeostasis by inter-

acting with endogenous (cytosolic) ferritins in addition to

Fig. 3 In vitro, primary oligodendrocyte progenitors (OPCs) are

more vulnerable to cytotoxic effects of vanadium than mature

oligodendrocytes or astrocytes. Primary astrocytes, OPCs and mature

oligodendrocytes were exposed to increased concentrations of

Na-metavanadate for 48 h. MTT reagent was added for last 4 h of

treatment, cells solubilized and absorbances measured at 595 nm. All

absorbance values were normalized to controls to obtain % survival.

The means were evaluated for significance using one-way ANOVA

with Dunnett’s post-test comparison to the control group. Only the

indicated groups are statistically significant (* P \ 0.05; ** P \
0.01). The data are means of at least three different independent

experiments

Fig. 4 Vanadium exposure increases ROS generation and apoptosis

of primary oligodendrocyte progenitors in culture. Primary rat OPCs

were exposed to 100 lM Na-metavanadate or vehicle (PBS) as

control for 6 h (ROS measurement) and 12 h (apoptosis determina-

tion). Intracellular ROS generation was detected by incubating cells

with dichlorofluorescein dye (DCF) for 1 h at 37�C, and measuring

relative fluorescence in equal number of cells in vanadium-treated and

control groups. Panel a reveals 2.5-fold increases in measurable ROS

production in response to vanadium exposure 6 h post treatment. The

average fluorescence of three independent experiments (subtracted for

background) was plotted and analyzed for significance using unpaired

t-test (*** P \ 0.001). (b) At 12 h time point, vanadium-treated and

control cells were exposed to alexa-fluor 488 conjugated annexinV

dye, and bound fluorescence detected on Nikon fluorescence micro-

scope at 109 magnification. Random images captured were counted

for annexinV-positive cells in four quadrants by an investigator

blinded to the experimental condition. The averages for each group

were analyzed for significance using unpaired t-test (*** P \ 0.001)
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Fig. 5 Iron chelator desferroxamine (DFO) protects oligodendrocyte

progenitors from vanadium-induced cytotoxicity and apoptosis.

Primary rat oligodendrocyte progenitors were treated with 100 lM

Na-metavanadate alone or with increasing concentrations of DFO.

The untreated cells served as control. Representative bright-field

images of OPCs, control (untreated), 100 lM vanadium treated

without and with 100 lM DFO at 48 h post-treatment (a, b, c).

Images demonstrate loss of cell viability, process collapse, and

detachment from the surface of the dish in vanadium-treated cells,

which is completely prevented by co-administration of 100 lM DFO.

The findings were confirmed by quantitation using MTT assay for cell

viability (d). These data show that increasing concentrations of DFO

reverse 48 h cytotoxicity of 100 lM Na-metavanadate on primary rat

OPCs. The absorbance obtained at 595 nm was normalized to the

control group to obtain the percentage survival for each experimental

group. The statistical differences were determined using one-way

ANOVA with Dunnett’s post-test comparisons. All data in the figure

are representative of at least three independent experiments. (e) At

12 h post-treatment, 100 lM DFO reduces the extent of apoptotic

phosphatidyl serine inversion of Na-metavanadate-treated OPCs as

detected by Annexin-AF488 labeling. Random images obtained on

Nikon fluorescent microscope were counted by an investigator

blinded to the experimental condition. The means were analyzed

for statistical significance using one-way ANOVA with Tukey’s post-

test comparisons between multiple groups. The indicated group

comparisons were significant (** P \ 0.01, *** P \ 0.001). The data

are representative of three independent experiments

368 Neurotox Res (2011) 19:361–373

123



iron assimilation through extracellular H-ferritin in oligo-

dendrocyte progenitors.

To test a hypothesis that exacerbating effect of ferritin

on vanadium-mediated cytotoxicity is due to release of

redox active iron from ferritin, we used DNA relaxation/

nicking assay previously characterized in our laboratory

(Surguladze et al. 2004). Incubating supercoiled DNA

plasmid (puc19) with increasing concentrations of vana-

dium (25–200 lM) alone failed to produce either relaxed

or linearized forms of DNA (Fig. 8a–d). Incubating puc19

plasmid with horse spleen ferritin (iron-rich) alone resulted

in a time-dependent conversion to the relaxed form (single

strand nicking), but no visible linearization (double strand

nicking Fig. 8e1–e7). However, this effect was greatly

augmented when iron-rich spleen ferritin was co-incubated

with 200 lM Na-metavanadate, increasing amounts of

relaxed DNA (arrow 3) and linear DNA from double nicks

(arrow 2) (red box). No DNA nicking was produced in apo-

spleen ferritin alone or in combination with 200 lM

Na-metavanadate (Fig. 8g1–7, h1–7). These results suggest

that the synergistic relationship between vanadium and

ferritin on vanadate-mediated cytotoxicity is through

increased redox active iron release.

Discussion

In this study, we investigated cellular and molecular

mechanisms of hypomyelination due to developmental

vanadium exposure. We demonstrate that oligodendrocyte

progenitors are vulnerable to vanadium exposure both in

vivo and in vitro, suggesting a potential direct cellular

Fig. 6 Adding recombinant H-ferritin or lipophilic iron delivery

compound, TMH-ferrocene increase vulnerability of primary rat

OPCs to vanadium cytotoxicity. (a) Recombinant His-tagged human

ferritin heavy chain (rHF) was prepared in BL21 E. coli and purified

over Nickel column, with identity and purity verified by Western blot

and Comassie staining of denaturing gel. Both show characteristic

bands at 22 kDa consistent with ferritin monomers. M is the lane

denoting molecular weight markers. (b) The enzymatic activity of the

ferroxidase of recombinant H-ferritin was verified by its ability to

oxidize ferrous iron in solution. The solution of 0.4 lg/ll rH-ferritin

in PBS (pH = 7.4) was incubated with a single injection of ferrous

sulfate, and formation of ferric iron was monitored by measuring

absorbance at 310 nm (detects amber color associated with ferric iron

formation). Presence of recombinant H-ferritin in solution signifi-

cantly increases rate and the amount of ferritic iron formed compared

to auto-oxidation of ferrous iron in PBS alone, suggesting that

recombinant H-ferritin possesses significant ferroxidase activity.

(c, d) Primary rat OPCs were exposed to 100 lM Na-metavanadate

either alone or in the presence of increasing concentrations of

recombinant H-ferritin (c) or TMH-ferrocene (d). The dose-dependent

exacerbation of the cytotoxic effect of vanadium was quantified by

MTT assay. All absorbance values were normalized to control and

expressed as percent survival. Statistical significance was determined

by one-way ANOVA with Bonnferonni’s post-test comparisons

between multiple groups. Comparisons between control (untreated)

and vanadium or H-ferritin/TMH-Fe only groups are indicated, as

well as comparisons between vanadium only and vanadium with rHF/

TMH-Fe groups (* P \ 0.05, ** P \ 0.01, *** P \ 0.001). The data

are representative of at least two independent experiments (d)
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mechanism for vanadium-induced hypomyelination. Fur-

thermore, our data suggest that the mechanism underlying

vanadium destruction of OPCs involves increased oxida-

tive stress and apoptosis of these cells. Because iron is a

key component of oligodendrocyte maturation and because

vanadium binds to transferrin and ferritin proteins (EVM

2002; Monteiro et al. 1991; Sabbioni and Marafante 1981;

Sabbioni et al. 1980), we manipulated the iron availability

to oligodendrocytes in the presence of vanadium. The

apoptotic indices and cytotoxicity of vanadium on OPCs

were significantly increased with co-exposure to the lipo-

philic iron compound TMH-ferrocene and decreased by

exposure to the iron chelator DFO, which suggested the

role of free iron in cytotoxic mechanisms of vanadium even

though a direct chelating effect of DFO on vanadium could

not be ruled out. The positive effect of the iron chelator

suggested that ferritin, an iron sequestering protein, should

have limited iron related damage. Furthermore, ferritin has

been consistently associated with cytoprotection (Harrison

and Arosio 1996). Unexpectedly, our data demonstrated

that the presence of ferritin exacerbated the vanadium-

induced damage. Thus, we evaluated the possibility that

vanadium promoted the release of iron from ferritin using a

supercoiled DNA relaxation assay. We demonstrate that

vanadium causes release of iron from ferritin, and that co-

exposure of OPCs with ferritin or iron increases vulnera-

bility of these cells to cytotoxic effects of vanadium.

Because oligodendrocyte progenitors import iron through

ferritin in early development (Todorich et al. 2008, 2009),

and express significant levels of endogenous ferritin

(Cheepsunthorn et al. 1998), we propose that this depen-

dence on ferritin is what makes OPCs relatively vulnerable

to pro-apoptotic effects of vanadium exposure. How vana-

dium promotes iron release and/or inhibits iron assimilation

into ferritin is beyond the scope of this study, but one

possible explanation is that the larger ionic radius of

vanadium (relative to iron) results in structural changes and

instability of the ferritin 24-mer as ferritin attempts to

sequester vanadium from solution. This effect would impair

ferritin function in iron uptake and promote iron release

and/or target ferritin for degradation with subsequent iron

release. The other possibility is that vanadium releases iron

through a reductive mechanism by direct interaction with

the ferric hydrite crystals at the ferritin core.

In vivo experiments on vanadium neurotoxicity have

suggested that hypomyelination is one of the main

Fig. 7 Oligodendrocyte

progenitors in culture express

endogenous cytosolic H-ferritin.

Rat primary oligodendrocyte

progenitors were stained with

antibodies for H-ferritin (a) and

A2B5 marker (b), and were

visualized with Alexa-flour 488

and 555 secondary antibodies,

respectively. DAPI was used as

a nuclear stain (c) and overlay

projection is shown in (d).

Representative confocal images

of two independent experiments

demonstrate primarily

perinuclear localization

of H-ferritin expression

(yellow arrows) in A2B5-

positive oligodendrocyte

progenitors with minimal

staining of oligodendrocyte

processes

370 Neurotox Res (2011) 19:361–373

123



pathological outcomes in the brain of toxic vanadium

exposure (Garcia et al. 2004).We hypothesized that hyp-

omyelinating effects of vanadium exposure are due to

destruction of developing oligodendrocytes. To test our

hypothesis in vivo, we injected newborn rat pups with 3 mg/kg

of sodium metavanadate IP once daily in for the first two post-

natal weeks of development. These mice had significant motor

performance deficits when compared to vehicle-treated con-

trols. Accompanying the motor deficits was a 2.5-fold

decrease in number of NG2 positive oligodendrocyte pro-

genitors in genu corpus callosum. Our in vivo observations

suggested that oligodendrocyte progenitors, but not astrocytes

are more susceptible to vanadium exposure in the early post-

natal period; an observation and interpretation supported by

the cell culture models. These data indicate that the loss of

OPCs may contribute to the hypomyelination following

developmental vanadium exposure. The higher susceptibility

of the OPCs to vanadium than either mature oligodendrocytes

or astrocytes may be explained by their relatively low

expression of antioxidant defenses, such as glutathione

(Hemdan and Almazan 2007; Husain and Juurlink 1995;

Juurlink et al. 1998; Thorburne and Juurlink 1996). In support

of the oxidative stress mechanism underlying vanadium

exposure to OPCs, we observed elevated markers of apoptosis

and oxidative stress in these cells. Vanadium can produce ROS

either directly through Fenton-like reaction (Evangelou 2002)

or as we report herein, by promoting unregulated release of

highly redox active iron from ferritin stores (Fig. 9).

In toto, the studies described herein report in vivo and in

vitro evidence of cellular and molecular mechanisms that

may contribute to demyelination caused by vanadium

exposure in the early post-natal period. Our findings sug-

gest that vanadium targets oligodendrocyte progenitors in

the early post-natal period by taking advantage of their

relatively high iron requirements and their dependence on

ferritin for iron storage and delivery as well as their

diminished antioxidant capacity. The relationship between

iron and vanadium warrants further comment on the

environmental exposure to vanadium in cultures where iron

deficiency is prevalent. Iron deficiency itself carries a

Fig. 8 Vanadium interacts with iron-rich ferritins to induce single

and double strand breaks in supercoiled DNA relaxation assay. (a)

Increasing concentration of vanadium (a 25 lM; b 50 lM; c 100 lM;

and d 200 lM) were co-incubated with puc19 plasmid DNA for 7.5–

120 min. Lane with puc19 without vanadium (Cn) served as a control.

Vanadium alone did not have any effect on DNA (lanes a, b, c, and d,

1–7). Incubating iron-rich horse spleen ferritin (e) alone with DNA

(arrow 1) caused time-dependent DNA relaxation/ss nicking (arrow
3), but not linearization/ds nicking (arrow 2). The effect was

significantly augmented in same experiment with addition of

200 lM Na-metavanadate, producing both single (arrow 3) and

double stranded nicks (arrow 2) in puc19 DNA (red box, f6, f7). None

of these effects were observed if iron-poor horse spleen apo-ferritin is

used, even in the presence of 200 lM Na-metavanadate. (b) Shows

absorbance of horse spleen ferritin (SF) and horse spleen apo-ferritin

(apo-SF) at 310 nm as a surrogate marker of iron content. PBS alone

was used as a baseline measurement (blank)
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neurological burden of hypomyelination. Where iron defi-

ciency is a nutritional problem and vanadium exposure an

environmental concern, the dual effect could be clinically

devastating. With iron deficiency, transferrin is elevated

and thus could transport more vanadium if this metal were

more abundant. In fact, in the rat model of iron deficiency,

increased levels of various metals including vanadium in

the brain have been documented (Garcia et al. 2007). If the

decreased iron and associated hypomyelination would be

exacerbated by vanadium toxicity is an important health

issue that should receive additional investigation based on

the findings of this report.
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