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Iron and Iron Regulatory Proteins in Amoeboid Microglial
Cells Are Linked to Oligodendrocyte Death in Hypoxic
Neonatal Rat Periventricular White Matter through
Production of Proinflammatory Cytokines and Reactive
Oxygen/Nitrogen Species

Gurugirijha Rathnasamy, Eng-Ang Ling, and Charanjit Kaur
Department of Anatomy, Yong Loo Lin School of Medicine, National University of Singapore, Singapore 117597

This study was aimed to examine the role of iron in causing periventricular white matter (PWM) damage following a hypoxicinjury in the
developing brain. Along with iron, the expression of iron regulatory proteins (IRPs) and transferrin receptor (TfR), which are involved in
iron acquisition, was also examined in the PWM by subjecting 1-d-old Wistar rats to hypoxia. Apart from an increase in iron levels
in PWM, Perls’ iron staining showed an increase of intracellular iron in the preponderant amoeboid microglial cells (AMCs) in the tissue.
In response to hypoxia, the protein levels of IRP1, IRP2, and TfR in PWM and AMCs were significantly increased. In primary microglial
cultures, administration of iron chelator deferoxamine reduced the generation of iron-induced reactive oxygen and nitrogen species and
proinflammatory cytokines such as tumor necrosis factor-c and interleukin-1f3. Primary oligodendrocytes treated with conditioned
medium from hypoxic microglia exhibited reduced glutathione levels, increased lipid peroxidation, upregulated caspase-3 expression,
and reduced proliferation. This was reversed to controllevels on treatment with conditioned medium from deferoxamine treated hypoxic
microglia; also, there was reduction in apoptosis of oligodendrocytes. The present results suggest that excess iron derived primarily from

AMCs might be a mediator of oligodendrocyte cell death in PWM following hypoxia in the neonatal brain.

Introduction

Iron is essential for proper development of the brain in the fetal
and early neonatal period. Several conditions such as hypoxic—
ischemic injuries result in alterations in iron metabolism. An
increased level of iron in the serum and cerebrospinal fluid in
infants (Shouman et al., 2008) and the neonatal rat brain in hy-
poxic—ischemic injuries has been reported (Palmer et al., 1999).
Hypoxia—ischemia causes damage to selected regions of the
brain, the periventricular white matter (PWM) being selectively
vulnerable to damage in premature infants (Johnston, 1997;
Volpe, 2003). Oligodendrocyte death and axon degeneration are
characteristic features of hypoxia-induced PWM damage
(PWMD). The role of iron, known to accumulate in tissues in
hypoxic injuries (Palmer et al., 1999; Yang et al., 2008), in causing
PWMD has remained elusive.
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Amoeboid microglial cells (AMCs) (Kaur et al., 2006, 2009),
the resident immune cells in the developing PWM, are known to
accumulate iron following a hypoxic injury (Kaur and Ling,
1999); this was suggested as an effort by the cells to sequester
excess iron. In vitro studies have shown that iron induces activa-
tion of reactive oxygen species (ROS), which are involved in the
pathogenesis of PWMD. However, it is not known whether iron
accumulation in the AMCs would cause oligodendrocyte death
through increased production of ROS following a hypoxia/reoxy-
genation injury.

Iron storage and intake in a cell is regulated by iron regulatory
proteins (IRPs) (IRP1 and IRP2) through interaction with the
iron-responsive elements (IREs) (Rouault et al., 1989) on the
mRNAs of the iron storage and iron uptake proteins. IRPs are
responsible for the post-transcriptional regulation of transferrin
receptor (TfR) protein expression and determine the iron storage
capacity of cells by regulating translation of both H- and
L-ferritin mRNA (Eisenstein, 2000). IRPs are also influenced by
numerous factors including hypoxia/reoxygenation (Schneider
and Leibold, 2003).

Hypoxia differentially regulates IRP1 and IRP2 RNA bind-
ing activities, inactivating IRP1 and increasing IRP2 (Hanson
et al., 1999), which is reversed on reoxygenation (Schneider
and Leibold, 2003). IRP1 activity has also been reported to be
increased by hypoxia in Hep3B cells (Toth et al., 1999). In
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addition to IRP1 and IRP2, TfR is also involved in cellular
uptake of iron through binding and internalization of the di-
ferric transferrin. Although TfR has been found to be localized
in AMCs (Kaur and Ling, 1995), expression of IRPs in these
cells is not known.

In the light of the above, we aimed to determine the iron
concentration in the hypoxic PWM and to confirm its localiza-
tion in the AMCs. The expression of IRP1, IRP2, and TfR was also
examined to identify the possible mechanism of iron uptake in
AMC s and its involvement in the production of ROS and inflam-
matory cytokines such as tumor necrosis factor-o (TNF-«) and
interleukin-18 (IL-18), which cause oligodendrocyte and axon
damage in hypoxia (Deng et al., 2008, 2010). The mechanisms by
which ROS, TNF-a, and IL-13 might damage the oligodendro-
cytes were also investigated. Iron chelator deferoxamine was used
to elucidate the role of increased microglial iron in causing
hypoxia-induced PWMD.

Materials and Methods

Animals. One-day-old Wistar rats were used for this study as the devel-
opment of white matter in these rats has been reported to be equivalent to
midgestation in humans (Sheldon et al., 1996). Forty-eight rats were
subjected to hypoxic exposure by placing them in a multigas chamber
(Sanyo Biomedical Electrical; model MCO-18M) filled with 95% N, and
5% O, for 2 h. The animals were then allowed to recover under normoxic
conditions for 3 and 24 h, 3, 7, and 14 d before killing. Another group of
48 rats served as age-matched controls and were placed outside the
chamber. A total of 56 1-d-old Wistar rats were used for primary micro-
glial and oligodendroglial cultures. All the experiments were approved by
the Institutional Animal Care and Use Committee, National University
of Singapore.

Primary cell culture: microglial cell culture. One-day-old postnatal rats
were used to set up mixed glial culture according to the method of Giu-
lian and Baker (1986). In brief, the cerebral cortex excised from the rat
brain was subjected to dissociation by trypsinization, after the removal of
meninges. The dissociated cells were seeded in a 75 cm? flask at a density
of 1.2 X 10° cells/ml of DMEM (Sigma-Aldrich) supplemented with
10% fetal calf serum (HyClone/Thermo Fisher Scientific), 10 ml/L anti-
biotic—antimycotic solution (Sigma-Aldrich), 0.1 mwm nonessential
amino acids, and 1 ml/L insulin and placed in a humidified chamber at
37°C with 5% CO, and 95% air. The culture medium was replaced after
24 h and then on alternate days.

Microglial purification. After 2 weeks, the microglial cells were purified
from the mixed glial cells culture by means of mild trypsinization (0.05—
0.12%) in the presence of 0.2—0.5 mm EDTA for 10 min as described
before by Saura et al. (2003). Purified microglial cells were then detached
from the 75 cm? flask by means of trypsinization, and the detached cells
were plated at a density of 2.5 X 10° cells/well in a 24-well plate for
immunocytochemistry and 1 X 10° cells/flask for protein extraction and
ROS analysis. On the following day, the cells were subjected to various
treatments as described below.

The purity of microglia was assessed by immunocytochemical detec-
tion using the antibody OX42 (1:100) (catalog #0-MAS 3706; Harlan-
Sera Laboratory), a specific marker for rat microglia, and DAPI (20 g/
ml; Sigma-Aldrich), a nuclear marker for all cells. The purity of the
microglial cultures was ~96%.

Treatment of microglial culture. The microglial cultures were divided
into three groups— control (C), hypoxia (H), and hypoxia with deferox-
amine (H+D). Deferoxamine (Sigma-Aldrich; catalog #D9533), an iron
chelator, was used to study the role of iron in causing PWMD. For all the
experiments, the microglial cells were exposed to hypoxia in a chamber
(model 18M; multigas incubator; Sanyo) filled with mixture of gases
containing 1% oxygen, 5% CO, and 94% nitrogen at 37°C for 4 h. The
control groups were incubated in an incubator with 95% air and 5% CO,
at 37°C. The amount of deferoxamine added to the cultures was 100 um
(Zhang et al., 2006). Immediately after hypoxic exposure, the hypoxic
microglia along with the matching controls were fixed and processed
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for double-immunofluorescence labeling for OX42 and IRP1, IRP2, and
TfR as described below. Furthermore, the culture medium from each
group was collected for measuring TNF-« and IL-1 released by micro-
glia, for assessing the effect of conditioned medium on glutathione
(GSH) levels and lipid peroxidation (LPO) in oligodendrocytes, for ex-
amining the activation of caspase-3 in oligodendrocytes by TNF-q, for
estimating the effect of IL-1f3 on proliferation of oligodendrocytes, and
for terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) assay.

Oligodendrocyte culture. From the confluent mixed glial cultures, the
oligodendrocytes were purified by shaking, a method previously de-
scribed by McCarthy and de Vellis (1980). The purified cells were plated
at a density of 2.5 X 10° cells/well on poly-L-lysine-coated coverslips in
24-well plate for studying the activation of caspase-3 by TNF-« and for
TUNEL assay, 1 X 10° cells/flask for extracting protein for GSH assay
and LPO, and 1 X 10* cells/well in 96-well plates for proliferation assay.
The plated cells were allowed to grow for 5 d in culture medium contain-
ing 1 mm sodium pyruvate (Sigma-Aldrich; catalog #P2256), 5 pg/ml
insulin, 50 pwg/ml apotransferrin (Sigma-Aldrich; catalog #T1147), 30 nm
sodium selenite (Sigma-Aldrich; catalog #S5261), 30 nm triiodothyro-
nine (Sigma-Aldrich; catalog #T2752), and 0.5% fetal bovine serum as
previously described by Armstrong (1998). The purity of oligodendro-
cytes was assessed by labeling with CC1 (1:20) (EMD Chemicals; catalog
#0OP80), a monoclonal antibody raised against adenomatous polyposis
coli that labels the cell body of oligodendrocytes (Bhat et al., 1996; Fuss et
al., 2000). The purity of oligodendrocyte cultures was ~96%.

Iron assay. The iron content in the PWM of rats at 3,24 h, 3, 7,and 14 d
(n = 3 at each time point) after hypoxic exposure and the corresponding
age matched controls was estimated using an iron assay kit (BioVision;
catalog #K 390-100). The iron content in control, hypoxic, and hypoxia
plus deferoxamine groups of microglial cell cultures was also determined
using the same kit. Homogenates of PWM and cell lysates were prepared
as described below for Western blot, and the assay was performed as per
manufacturer’s instructions. The concentration of iron was calculated
using the standard curve obtained.

Perls’ iron staining. Perls’ iron staining was performed on rats at 3 d
after hypoxic exposure and their corresponding controls (n = 3 for each
group). The rats were perfused under 6% pentobarbital anesthesia with
2% paraformaldehyde and the brains were removed. Frozen brain sec-
tions of 40 wm thickness containing PWM were cut using a cryostat
(model 3050; Leica Microsystems). Sections were immersed in Perls’
solution (1:2; 10% HCl and 10% potassium ferrocyanide) at room tem-
perature for 30 min, a method previously described by Wang et al.
(2002). The sections were then rinsed in deionized water and immersed
for 15 min in 0.005% 3,3’ -diaminobenzidine with 0.5 ml of 1% hydrogen
peroxide as described previously by Hill and Switzer (1984). The sections
were then incubated for 1 h with FITC-conjugated lectin from tomato
(Lycopersicon esculentum; 1:100; Sigma-Aldrich) to label the microglia.
The sections were washed in PBS and mounted using a fluorescent
mounting medium (Dako). Perls’ iron staining was performed in con-
trol, hypoxic, and hypoxia + deferoxamine group of primary microglial
cultures according to a method previously described by Dang et al.
(2010). The cells were then stained with lectin and processed as described
above.

Western blotting. The PWM tissue immediately above the lateral ven-
tricle (area shown in Fig. 1B) was carefully removed with the help of a
dissecting microscope from the ratsat 3and 24 h, 3,7,and 14 d (n = 5at
each time point) after hypoxic exposure and their corresponding age-
matched controls. The dissected tissue was immediately frozen in liquid
nitrogen and was kept at —80°C until protein extraction. Protein extrac-
tion was done by homogenizing the tissue with tissue protein extraction
reagent (Pierce/Thermo Fisher Scientific; catalog #78510) containing
protease inhibitors. Mammalian protein extraction reagent (Pierce/
Thermo Fisher Scientific; catalog #78501) was used to extract protein
from microglial cultures. All procedures were performed at 4°C. Homog-
enates were centrifuged at 13,000 rpm for 20 min and the supernatant
was collected. Bradford’s method (Bradford, 1976) was used to estimate
the protein concentration, using bovine serum albumin (Sigma-Aldrich)
as a standard. Samples of supernatants containing 40 ug of protein were
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heated to 95°C for 5 min and were separated by SDS-PAGE in 10% SDS
gels, in a Mini-Protean 2 apparatus (Bio-Rad Laboratories). Protein
bands were electroblotted onto 0.45 um polyvinylindene difluoride
membranes (Bio-Rad) and were blocked with 5% (w/v) nonfat dried
milk overnight at 4°C. The membranes were then incubated with
dilutions of anti-IRP1 (1:1000) (Alpha Diagnostic International; cat-
alog #IRP11-A), anti-IRP2 (1:200) (Millipore Bioscience Research
Reagents; catalog #AB15508), and anti-TfR (1:200) (AbD Serotec;
catalog #MCA155G) antibodies. They were then incubated with
horseradish peroxidase-conjugated secondary antibodies (Pierce/
Thermo Fisher Scientific). Specific binding was revealed by an en-
hanced chemiluminescence kit (Pierce/Thermo Fisher Scientific)
following the manufacturer’s instructions.

Double immunofluorescence. For the cellular localization of IRPI,
IRP2, and TfR, the rats were killed at 3 d after hypoxic exposure with their
age-matched controls (n = 5 for each group). Rats were anesthetized
with 6% sodium pentobarbital and the brains were removed following
perfusion of the rats with 2% paraformaldehyde in 0.1 M phosphate
buffer, pH 7.4. The brains were then placed in the same fixative for 4 h
following which they were placed in 0.1 M phosphate buffer containing
15% sucrose at 4°C overnight. Brain sections of 40 wm thickness con-
taining the PWM were cut using a cryostat (Leica Microsystems). Endog-
enous peroxidase activity was blocked with 0.3% hydrogen peroxide in
methanol for 30 min and the sections were subsequently washed with
PBS. The sections were then divided into two groups. Group 1 was incubated
with the mixture of primary antibodies [IRP1 (Santa Cruz Biotechnology;
catalog #SC25535)/IRP2 (Millipore Bioscience Research Reagents) and
0X42; 1:100 dilution in PBS] overnight at room temperature and subse-
quently incubated with respective secondary antibodies; Cy3-conjugated
goat anti-rabbit IgG and FITC-conjugated sheep anti-mouse IgG (1:100;
Sigma-Aldrich). The sections in Group 2 were incubated with OX42 over-
night, subsequently with secondary antibody tagged with Cy3 for 1 h fol-
lowed by incubation with FITC-conjugated anti-TfR antibody (1:50;
Abcam; catalog #ab33927). The sections were then washed in PBS and
mounted using a fluorescent mounting medium (Dako). Cellular localiza-
tion was then examined under a confocal microscope (FV1000; Olympus).
The primary microglial cells were fixed with 4% paraformaldehyde for 20
min and processed as described above for localization of IRP1, IRP2, and
TfR. A few sections were incubated with isotype control antibody rabbit
anti-rat IgG (Pierce Biotechnology) to confirm the specificity of the antibod-
ies and processed as described above.

For studying the effect of intracellular iron on TNF-« and IL-13 pro-
duction, fixed microglial cultures of control, hypoxic, and hypoxia +
deferoxamine groups were subjected to blocking with 3% normal goat
serum for 1 h followed by incubation with mixture of primary antibodies
[OX42 + TNF-a (1:200; Millipore Bioscience Research Reagents; catalog
#AB1837P), OX42 + IL-1 (1:200; Millipore Bioscience Research Reagents;
catalog #AB1832P)] overnight at 4°C. They were then incubated with a mix-
ture of secondary antibodies; Cy3-conjugated goat anti-rabbit IgG and
FITC-conjugated sheep anti-mouse IgG (1:100; Sigma-Aldrich) and pro-
cessed as described above.

Flow-cytometric measurement of ROS in microglia. Fluoroprobe 5-(and
6)-choloromethyl-2',7'-dicholoro-dihydrofluorescein diacetate (CM-
H,DCFDA) (catalog #C6827; Molecular Probes) was used to estimate the
intracellular ROS production in microglial cells. The control, hypoxia, and
hypoxia + deferoxamine groups of cultured microglial cells grown on 60
cm? culture dishes were detached by mild trypsinization and washed with
PBS. The cells were then resuspended in 0.5 ml of prewarmed PBS contain-
ing CM-H,DCFDA (10 um; diluted in DMSO) and incubated for 40 min at
37°Cin the dark. Following incubation, the cells were immediately subjected
to flow-cytometric analysis (CyAn ADP; Beckman Coulter). The fluores-
cence intensity of 2',7’-dichlorofluorescein, the oxidized product of CM-
H,DCFDA was measured at an excitation of 488 nm and emission at 535
nm. The measured fluorescence intensity was considered to be directly pro-
portional to the amount of ROS produced.

Extracellular reactive oxygen and nitrogen species released by microglia. The
conditioned medium derived from control, hypoxia, and deferoxamine-
treated hypoxic microglia was used to measure the total ROS/reactive nitro-
gen species (RNS) levels released by these cells. The concentration of ROS/
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RNS liberated was measured using Oxiselect i vitro ROS/RNS assay kit
(catalog #STA-347; Cell Biolabs) according to the manufacturer’s instruc-
tions. The relative fluorescence of the samples and the standards were read at
480 nm excitation/530 nm emissions using SpectraMaxM5 microplate
reader (Molecular Devices). The concentration of the total ROS/RNS liber-
ated by microglia was calculated using the 2,7'-dichlorodihydrofluorescein
standard curve.

Measurement of TNF-a and IL-1B released by microglia. The condi-
tioned medium was obtained from control, hypoxic, and hypoxia +
deferoxamine groups of microglial cell cultures. The concentration of
cytokines TNF-a and IL-1 liberated by the microglial cells into the
medium was measured using the TNF-« (catalog #BE45471) and IL-13
(catalog #27193) ELISA kits (IBL) according to the manufacturer’s in-
structions. The concentration of TNF-a and IL-1f3 was calculated using
the assay standard curve.

Measurement of glutathione and lipid peroxidation in primary oligoden-
drocytes. Antioxidant such as GSH protects a cell against oxidative stress
(Bobyn et al., 2002). GSH depletion in oligodendrocytes is implicated in
their susceptibility to free radical-mediated injury (Back et al., 1998).
Activated microglia have been reported to release ROS (Block et al.,
2007), which induces LPO (Su et al., 2011). On the basis of these obser-
vations, the primary cultured oligodendrocytes were divided into six
groups and treated as described below for GSH and LPO measurement.
Group 1 cells served as control, Group 2 cells were treated with condi-
tioned medium from control microglial cultures, Group 3 cells were
subjected to treatment with deferoxamine, Group 4 cells were subjected
to hypoxia in a chamber (model MCO18M; multigas incubator; Sanyo)
containing 1% oxygen, 5% CO,, and 94% nitrogen at 37°C for 4 h, Group
5 cells were treated with conditioned medium from microglial cultures
subjected to hypoxia, and Group 6 cells were treated with conditioned
medium from hypoxic microglial cultures treated with deferoxamine.
After 4 h treatment, protein from all of the above-mentioned groups was
extracted using mammalian protein extraction reagent containing pro-
tease inhibitors. The extract was further centrifuged at 14,000 rpm for 20
min and the supernatant was used to measure GSH and LPO.

Glutathione assay. QuantiChrom Glutathione assay kit (DIGT-250;
BioAssay Systems) was used to determine the GSH content in all six
groups of oligodendrocytes. The concentration of GSH was determined
from the optical density of samples and calibrator read at 412 nm with a
precision microplate reader (Molecular Devices) as per manufacturer’s
instructions.

Lipid peroxidation assay. The LPO content in all six groups of oligoden-
drocytes was estimated using the lipid peroxidation calorimetric assay kit,
BioAssay (catalog #2496-30; US Biological) as per the manufacturer’s in-
structions. The samples were read at 586 nm using a precision microplate
reader (Molecular Devices) and the concentration of LPO in the samples was
calculated using the malondialdehyde (MDA) standard curve.

Caspase-3 labeling in primary oligodendrocytes. TNF-o was previously
reported to mediate apoptosis by inducing caspase-3 activation (Utais-
incharoen et al., 2000). Hence, TNF-a-induced caspase-3 activation in
primary oligodendrocytes was studied by exposing the cells to recombi-
nant rat TNF-« (100 ng/ml; Millipore Bioscience Research Reagents;
catalog #GF046) as described previously (Yeh et al., 2000). In the present
study, the activation of caspase-3 in oligodendrocytes by TNF-a in the
microglial conditioned medium was assessed by dividing the primary
cultured oligodendrocytes into six groups. Group 1 cells served as con-
trol; Group 2 cells were treated with conditioned medium from control
microglial cultures; Group 3 cells were subjected to treatment with de-
feroxamine; Group 4 cells were treated with conditioned medium from
hypoxic microglial cultures; Group 5 cells were treated with conditioned
medium from hypoxic microglial cultures treated with deferoxamine;
Group 6 cells were treated with medium from hypoxic microglial cells
containing anti-TNF-« (10 ug/ml; Millipore Bioscience Research Re-
agents) to test the neutralization effects of TNF-« as described by us
previously (Sivakumar et al., 2011). After 4 h of the above treatment, the
cells were fixed in 4% paraformaldehyde for 20 min and blocked with 3%
normal goat serum for 1 h. They were then incubated with mixture of
primary antibodies directed against cleaved caspase-3 (1:200; Cell Signal-
ing Technology) and CCl1 overnight at 4°C. They were then incubated
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with mixtures of secondary antibodies and processed as described above
under the section on double immunofluorescence.

Oligodendrocyte proliferation assay. Proliferation of oligodendrocytes was
previously reported to be inhibited when IL-13 was added to the culture
medium (Vela et al., 2002). Hence, the effect of IL-18 on proliferation of
oligodendrocytes was studied using the Quick Cell Proliferation assay kit
(Abcam; catalog #ab65473) according to the manufacturer’s instructions.
The primary cultured oligodendrocytes were divided into Group 1 untreated
control cells; Group 2 cells were treated with conditioned medium from
control microglial cultures; Group 3 cells were treated with deferoxamine;
Group 4 cells were treated with IL-18 peptide (100 pg/ml; IBL; catalog
#27193), as described previously (Palmer et al., 1995), and were neutralized
with anti-IL-13 (10 ug/ml; Millipore Bioscience Research Reagents); Group
5 cells were treated with conditioned medium from hypoxic microglial cul-
tures; Group 6 cells were treated with conditioned medium from hypoxic
microglial cultures treated with deferoxamine; Group 7 cells were treated
with medium from hypoxic microglial cells containing anti-IL-18 (10 ug/
ml; Millipore Bioscience Research Reagents). After 4 h of treatment, 10 ul of
WST-1/ECS solution was added to each well and the reaction was allowed to
occur in standard culture condition for 4 h. The optical density was mea-
sured at 440 nm using a precision microplate reader (Molecular Devices).
The results are expressed as inhibition of proliferation with respect to control
cells without treatment. For neutralization studies, the concentration of anti-
IL-1P used was based on the cell viability assay performed, which showed an
increased viability of oligodendrocytes at 10 ug/ml of anti-IL-1f3 (data not
shown).

TUNEL assay for oligodendrocytes. The TUNEL assay of primary cultured
oligodendrocytes was performed using an in situ cell death detection kit
(Roche Diagnostics/Roche Applied Science; catalog #11684795910) accord-
ing to the manufacturer’s instructions. The primary cultured oligodendro-
cytes were divided into six groups as mentioned under the measurement of
glutathione and lipid peroxidation sections. The total number of TUNEL-
positive oligodendrocytes was obtained by taking into account seven ran-
dom microscopic fields for each slide at an objective magnification of 40 X by
a blinded observer. The percentage of TUNEL-positive oligodendrocytes
against the total number of oligodendrocytes was calculated and averaged.

Statistical analysis. The data were presented as mean = SD. Statistical
significance of differences between control, hypoxic, and treatment
groups were calculated using paired Student’s # test. Statistical signifi-
cance between the groups was represented as *p < 0.05 and **p < 0.01.
With respect to cells subjected to hypoxia/hypoxic conditioned medium,
statistical significance was represented as *p < 0.05 and *p < 0.01.

Results

Iron concentration in PWM

The iron concentration in the PWM was significantly increased
in hypoxic rats killed at different time points extending from 3 h
to 7 d when compared with their corresponding controls (Fig.
1A); it was significantly decreased at 14 d. This indicates that
hypoxialeads to an increase in iron content in the PWM, which is
sustained over a period of 7 d.

Iron localization in AMCs

When compared with control rats, many more cells in the PWM
(area shown in Fig. 1 B) in hypoxic rats exhibited intense staining
foriron by Perls’ method. The iron stained cells were identified to
be the AMCs because they were also labeled by lectin (a widely
used marker for microglia) (Fig. 1C). Hence the results indicate
that iron accumulation specifically localized in the AMCs is in-
creased by hypoxia.

Western blot analysis of IRP1, IRP2, and TfR protein
expression

Protein expression of IRP1, IRP2, and TfR showed a significant
difference between the control and hypoxic groups. Immunore-
active band for IRP1 appeared at 97 kDa (Fig. 2A) and was sig-
nificantly increased at 3 and 7 d after the hypoxic exposure (Fig.
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2 B). Immunoreactive band for IRP2 appeared at 105 kDa (Fig.
2 A) and was found to be significantly increased at 24 h, 3, 7, and
14 d (Fig. 2C). Immunoreactive band for TR (Fig. 2A) at 95 kDa
was found to be significantly increased from 3 h to 7 d but was
significantly downregulated at 14 d (Fig. 2D). All in all, hypoxic
exposure induces an upregulated protein expression for all three
biomarkers notably at 3 and 7 d after hypoxia.

Hypoxia increases IRP1, IRP2, and TfR immunoexpression
in AMCs
Double immunofluorescence showed the expression of IRP1, IRP2,
and TfR in the OX42 labeled AMCs in PWM. IRP1 and IRP2 immu-
nofluorescence was found to be evidently enhanced at 3 d following
hypoxic exposure when compared with that of controls (Fig. 3Aa—
f,Ba—f). As in IRPs, TfR immunoexpression was augmented at 3 d
following hypoxic exposure in AMCs (Fig. 3Ca—f). Thus, the immu-
noexpression of IRP1, IRP2, and TfR was upregulated following hy-
poxic exposure.

The sections incubated with isotype controls did not show any
immunoreactivity confirming the specificity of the antibodies
used (data not shown).

Hypoxia increases iron content in microglial cells in culture
The iron content was significantly increased in microglial cells
subjected to hypoxia (Fig. 4A) when compared with that of con-
trol. However, the increased level of iron content as elicited by
hypoxia was suppressed by deferoxamine. Perls’ iron staining
also showed an increase in iron content in hypoxic microglia (Fig.
4 B). This was manifested by a significant increase in the percent-
age of cells that were Perls’ positive in hypoxic group when com-
pared with control group. Deferoxamine reduced the incidence
of Perls’ positive microglia when compared with hypoxic micro-
glia not treated with deferoxamine (Fig. 4C). The results thus
indicate that hypoxia increases the iron content in microglial cells
that may be suppressed by deferoxamine.

Hypoxia increases IRPs and T{R expression in microglial cells
in culture

Protein expression of IRP1, IRP2, and TfR was significantly in-
creased in microglial cells subjected to hypoxia when compared
with control groups (Fig. 4 D-G). By immunofluorescence label-
ing IRP1, IRP2, and TfR immunofluorescence was noticeably
enhanced in hypoxic microglial cells (Fig. 5Aa—f,Ba—f,Ca—f).

Iron is responsible for ROS production in microglia

The ROS levels in microglia were increased by ~30% when the
cells were exposed to hypoxia for 4 h compared with that of
control group (Fig. 6A). However, when treated with deferox-
amine, the hypoxia-induced increase in ROS production was re-
duced by ~20% when compared with the hypoxic microglia not
treated with deferoxamine.

Extracellular ROS/RNS released by microglia in response to
iron accumulation

The amount of total ROS/RNS released by hypoxic microglial
cells was significantly increased (Fig. 6 B) when compared with
that of control microglia. It was, however, markedly decreased
when the hypoxic microglia were treated with deferoxamine
compared with the hypoxic microglia not treated with deferox-
amine. The results indicate that iron might be responsible for
hypoxia-induced ROS/RNS production in microglia.
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leased into the medium by the hypoxic
microglia was significantly reduced when
compared with the hypoxic group not B
treated with deferoxamine. These results
suggest that iron mediates the production
of TNF-a and IL-13 in hypoxic microglia.

Effect of microglial conditioned
medium on glutathione levels

in oligodendrocytes

GSH was significantly decreased in hypoxic
oligodendrocytes and in oligodendrocytes
treated with conditioned medium from hy-
poxic microglial cells when compared with
that of control group (Fig. 7A). However,
the GSH in cells treated with medium from
deferoxamine treated hypoxic microglia was
significantly increased when compared with
hypoxic oligodendrocytes and those treated C
with medium derived from hypoxic micro-
glia (Fig. 7A). The results indicate that con-
ditioned medium from hypoxic microglia
could reduce the glutathione levels in pri-
mary oligodendrocytes.

Effect of microglial conditioned
medium on lipid peroxidation

in oligodendrocytes

The LPO levels as manifested by MDA con-
centrations in hypoxic oligodendrocyte cul-
tures and in oligodendrocytes treated with
medium from hypoxic microglial cells were
significantly increased when compared with
that of control oligodendrocytes (Fig. 7B).
However, in cells treated with conditioned
medium from deferoxamine treated hy-
poxic microglial cells, MDA concentrations
were significantly reduced compared with
hypoxic oligodendrocytes not treated with
deferoxamine (Fig. 7B). These results sug-
gest that LPO in oligodendrocytes increases
on treatment with conditioned medium
from hypoxic microglia.

a

Hypoxia

Figure1.

were performed in triplicate.

Caspase-3 activation in

oligodendrocytes by TNF-a

On treatment with exogenous TNF-q, many oligodendrocytes in
culture were caspase-3 positive (Fig. 7C), indicating that the cy-
tokine causes oligodendrocytes cell death. We next examined the
effect of microglial conditioned medium on expression of

o g'
1
£
SR
%

A, Iron contentin the PWM of postnatal ratsat 3and 24 h, 3,7, and 14 d after hypoxic exposure and their correspond-
ing controls. Significant differences in total iron level between hypoxic and control groups are expressed as **p << 0.01. B,
Light-microscopicimage of a brain section stained with Perls’ solution and methyl green, showing the region of interest, PWM just
peripheral to the lateral ventricles (V). C, Confocal images of Perls’ iron-stained sections showing iron localization in the PWM at 3 d
after hypoxic exposure and their corresponding controls. Distribution of lectin (marker for microglia) (Ca, Cd; green) and iron
localization (Cb, Ce; black) is seen in AMCs (arrows) in the PWM in overlays Ccand Cf (merge). Scale bars, 50 m. The experiments

caspase-3 in oligodendrocytes as well as to ascertain the involve-
ment of TNF-q in this. In the control group (Fig. 7Da,Ea,Fa), in
the group treated with conditioned medium from control mi-
croglia (Fig. 7Db,Eb,Fb) or with deferoxamine (Fig.
7Dc,Ec,Fc), only a few oligodendrocytes were caspase-3 positive.
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#p < 0,01,

Oligodendrocytes subjected to treatment with conditioned me-
dium from hypoxic microglial cells showed an increased caspase-3
immunolabeling (Fig. 7Dd,Ed,Fd). A significant reduction in
caspase-3 labeling was observed when oligodendrocytes were
treated with medium from hypoxia + deferoxamine microglial
cells (Fig. 7De,Ee,Fe) or from the medium that was neutralized with
TNF-a antiserum (Fig. 7DfEf,Ff). The percentage of caspase-3-
positive cells was significantly increased when oligodendrocytes were
treated with medium from hypoxic microglial cells. However, this
was significantly reversed on treatment of the cells with medium
from hypoxia + deferoxamine microglial cells or with medium that
was neutralized with TNF-« antiserum when compared with that of
cells treated with medium from hypoxic microglial cells not treated
with deferoxamine or TNF-a antiserum (Fig. 7G). Hence, TNF-a in
the conditioned medium from hypoxic microglia induces caspase-3
activation in primary oligodendrocytes.

OCONTROL
* BHYPOXIA

Western blot showing the protein expression of IRP1, IRP2, and TfR in the PWM of postnatal rats at 3 and 24 h, 3,7,
and 14 d after hypoxic exposure and their corresponding controls. A shows the immunoreactive bands of IRP1 (97 kDa), IRP2 (105
kDa), TfR (95 kDa), and B-actin (43 kDa). B—D are their corresponding bar graphs showing significant changes in the optical
density following hypoxic exposure (given as mean = SD). The experiment was repeated five times, and a representative blot is
shown here. Significant differences in protein levels between hypoxic and control groups are expressed as follows: *p << 0.05;

eration resulting in an increase in the
amount of formazan dye formed. On the
basis of this and using the proliferation
assay, it was found that the proliferation
of oligodendrocytes treated with condi-
tioned medium from hypoxic microglial
cells was inhibited by >15% (Fig. 7H). In
oligodendrocytes treated with medium
from deferoxamine treated hypoxic micro-
glial cells, inhibition of cell proliferation was
low or negligible (Fig. 7H ). Remarkably, in-
hibition of proliferation of oligodendro-
cytes was significantly reduced when the
cells were treated with conditioned medium
from hypoxic microglia with added IL-13
antiserum (Fig. 7H). The results indicate
that proliferation of oligodendrocytes was
reduced by the presence of IL-18in the con-
ditioned medium from hypoxic microglia.

Microglial iron induces apoptosis of
oligodendrocytes

TUNEL assay was performed in primary
oligodendrocytes in cultures to examine
their apoptosis following hypoxia and
by treating them with conditioned me-
dium from hypoxic microglia. In the
control group (Fig. 8 Aa,Ba,Ca) and in
cells treated with conditioned medium
from control microglia (Fig. 8 Ab,Bb,Cb) or
with deferoxamine (Fig. 8 A¢,Bc,Cc), only a
few oligodendrocytes showed TUNEL. The
number of TUNEL-positive oligodendro-
cytes was significantly increased in hy-
poxic group (Fig. 8 Ad,Bd,Cd) and on
treatment with conditioned medium
from hypoxic microglial cells (Fig. 8 Ae-
,Be,Ce). However, there was a signifi-
cant reduction in apoptosis when the
oligodendrocytes were treated with con-
ditioned medium from hypoxia + de-
feroxamine microglial cells (Fig. 8 Af,Bf,Cf) when compared
with that of hypoxic group not treated with deferoxamine
(Fig. 8D). These results suggest that conditioned medium
from hypoxic microglia containing increased iron could cause
apoptosis of oligodendrocytes.

Discussion

The developing brain has a high requirement of iron, as it is
essential for the normal myelination, neurotransmitter release,
and energy metabolism (Beard and Connor, 2003). However,
excess iron in hypoxic—ischemic conditions has been reported to
cause neurodegeneration (Shadid et al., 1998; Li et al., 2009). In
neonatal animals, hypoxia—ischemia increases the brain iron
content (Adcock et al., 1996; Palmer et al., 1999). Because excess
iron can cause brain damage, it seems justified to suggest that it
may exacerbate hypoxic injuries in neonatal brain. In the latter, it
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was surmised that the PWM, which is
highly vulnerable to hypoxia—ischemia
in preterm infants (Johnston, 1997;
Volpe, 2003), may be damaged by excess
iron in hypoxia. PWMD is characterized
by selective loss of oligodendrocytes, as-
trogliosis, microglial activation, and ax-
onal swelling (Skoff et al., 2001; Folkerth,
2006; Haynes et al., 2008). We show here
that hypoxia induced a drastic increase
in iron content in the PWM, indicating
an iron imbalance in the tissue. In this
connection, a major finding was the in-
creased iron accumulation in the AMCs
that are widely distributed between the
immature oligodendrocytes.

Another major finding was the in-
creased expression of IRP1, IRP2, and TfR
in AMCs following the hypoxic exposure,
suggesting that the microglial cells actively
regulate iron homeostasis in hypoxia. It
has been reported that the cellular iron
homeostasis is regulated by two cytosolic
proteins, the IRPs, and the dysregulation
of these IRPs is responsible for the pathol-
ogy of various neurodegenerative diseases
(Cairo et al., 2002). Hypoxia is known to
alter the expression of IRPs (Hanson et al.,
1999; Christova and Templeton, 2007)
and TfR (Kaur and Ling, 1999). The role
of IRPs and TfR in causing iron accu-
mulation in microglial cells is supported
by the increase in iron localization,
IRPs, and TR in these cells following a
hypoxic exposure. IRPs were previously
reported to be upregulated in HEK293
cell lines due to hypoxia (Schneider and
Leibold, 2003; Christova and Temple-
ton, 2007).

TR is a major source of cellular iron
uptake (Taylor and Morgan, 1990; Rob-
erts et al., 1993). IRPs binding to IRE on
TfR mRNA leads to stabilization of the
TfR mRNA (Kithn and Hentze, 1992;
Henderson, 1996) and thereby increases
the TfR expression in human hepatoma
cells (Toth et al., 1999). The present re-
sults show an upregulated TfR protein ex-
pression in the PWM following hypoxic
exposure. The increased TfR protein ex-
pression could be due to the post-
transcriptional regulation exerted by the
IRPs binding to the IREs on 3’-UTR of the
TfR mRNA. Concomitant to the increase
in TfR protein expression, there was an
increase in iron concentration in the
PWM and also in cultured microglial
cells. It is therefore suggested that in-
creased TR expression might be one of
the mechanisms leading to iron accumu-
lation in microglia following the hypoxic
exposure. This is supported by our previ-
ous work, which suggested that increased
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Figure3. Confocalimages showing the expression of 0X42, IRP1, IRP2, and TfR in the PWM at 3 d after hypoxic exposure (Ad-f,
Bd—f, Cd—f) and their corresponding control (Aa— ¢, Ba- ¢, Ca— c). Expression of 0X42 (A, Ba,d: green; Ca,d: red), IRP1 (Ab,e:
red), IRP2 (Bb,e: red), TR (Cb,e: green), and a colocalization of 0X42 with IRP1, IRP2, and TfR (A-Cc,f). Scale bars: A-C, 20 um.
The experiment was repeated five times.
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Figure4. A, BargraphinAshows significant changes in the total iron content in microglial culture. Note the reduction of iron in hypoxic microglial cells when treated with deferoxamine (H+D).
Significant differencesin total iron level between control (C), hypoxic (H), and deferoxamine treated groups are expressed as follows: *p << 0.05; **p << 0.01. B, Confocal images of Perls’ iron-stained
primary microglial cells in control, hypoxic, and deferoxamine (Hyp -+ Def)-treated hypoxic microglia. Distribution of lectin (a, d, g: green) and iron localization (b, e, h: black) is seen in microglia
(arrows). Scale bars, 50 em. €, Bar graphin Cshows the significant changes in the percentage of microglia that are Perls’ positive. Significant differences between the groups are expressed as follows:
*p < 0.05; **p << 0.01. The experiment was repeated in triplicate. D, Western blot showing the protein expression of IRP1, IRP2, and TfR in the primary microglial culture. E-G are their
corresponding bar graphs showing significant changes in the optical density between control (C) and hypoxia (H) (given as mean == SD). Significant differences in protein levels between hypoxicand
control groups are expressed as follows: *p << 0.05; **p << 0.01. The experiment was repeated five times.

expression of TfR was involved in increased uptake of iron for
storage in microglial cells (Kaur and Ling, 1999).

Excess iron is implicated in overproduction of ROS and in
increasing oxidative stress (Zecca et al., 2004). Hypoxia/reoxy-
genation is known to enhance the production of free radicals
(Palmer et al., 1999), which have a role in the pathogenesis of
PWMD (Haynes et al., 2005) as they may be toxic to the imma-
ture oligodendrocytes. The developing brain is at a greater risk of
free radical-mediated injury as there is an imbalance between

antioxidant- and oxidant-generating systems (Buonocore et
al., 2001; Welin et al., 2005). Hypoxia is known to reduce the
levels of the antioxidant enzymes such as GSH in the neonatal
PWM (Kaur et al., 2010). We have demonstrated a significant
decrease in GSH in primary cultured oligodendrocytes when ex-
posed to hypoxia and also when exposed to conditioned medium
from hypoxic microglial cells. In hypoxic—ischemic conditions,
GSH depletion has been implicated in the vulnerability of devel-
oping oligodendrocytes (Back et al., 2002), leading to their death
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by free radical-mediated mechanisms
(Juurlink, 1997). Free radical production
in the developing white matter in re-
sponse to hypoxic—ischemic conditions
has been reported (Welin et al., 2005) and
microglial cells are known to be involved
in free radical generation (Colton et al,,
1996). We show here that microglial cul-
tures subjected to hypoxia released in-
creased levels of ROS. It is suggested that
this would be attributed to the increased
iron accumulation in the cells. This is sup-
ported by the decrease in ROS production
in hypoxic microglial cells treated with the
iron chelator deferoxamine.

ROS causes selective degeneration of
oligodendrocytes (Griot et al., 1990) by
promoting LPO (Su et al., 2011). Follow-
ing a hypoxic—ischemic injury, the white
matter showed increased levels of MDA
(Kaur et al., 2010) and 4-HNE, which are
toxic to axons and oligodendrocytes (Lin
etal., 2004). In the present study, cultured
oligodendrocytes exposed to hypoxia
and conditioned medium from hypoxic
microglial cells exhibited high MDA lev-
els, which were significantly reduced in
cells treated with conditioned medium from
deferoxamine treated hypoxic microglial
cells. This would be attributed to the re-
duced iron induced ROS/RNS released by
deferoxamine treated hypoxic microglial
cells.

In addition to ROS, activated micro-
glia secrete cytokines such as TNF-a and
IL-1p that can induce the apoptosis of oli-
godendrocytes (Zhang et al., 2005; Deng
et al., 2008). We have shown that, under
hypoxic conditions, iron mediates the
release of proinflammatory cytokines
TNF-a and IL-1B. The relationship be-
tween iron and cytokine production was
supported by the fact that iron chelator de-
feroxamine effectively reduced the cytokine
production. Further evidence to the role of
iron in augmenting the production of cyto-
kines is an increase in TNF-« and IL-13 se-
cretion by microglia when treated with
lipopolysaccharide supplemented with iron
(Zhang et al., 2006). These results collec-
tively suggest that iron plays an important
role in mediating cytokine production by
microglia. Previous studies have reported
TNF-a induced caspase-3 expression in
septohippocampal cultures (Zhao et al.,
2001) and caspase-3 is activated only during
apoptosis (Armstrong et al., 1996; Wang et
al., 1996). Evidence for TNF-a-induced ap-
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Figure 5.  Confocal images showing the colocalization of IRP1 (Ab,e: red), IRP2 (Bb,e: red), TfR (Cb,e: green), and 0X42 (Aa,d,
Ba,d: green; Ca,d: red) in primary microglial culture. Note the enhanced IRP1, IRP2, and TfR immunofluorescence intensity in the
hypoxic microglia when compared with the corresponding control cells. The cells were subjected to 4 h of hypoxic exposure and
processed immediately thereafter forimmunolabeling. Scale bars, 20 um. The experiment was repeated in triplicate.

optosis of oligodendrocytes comes from the present results where  dium from hypoxic microglia, which was neutralized with TNF-«
caspase-3 expression was increased in oligodendrocytes treated with ~ antibody. IL-13 was reported to inhibit cell growth by inhibiting
conditioned medium from hypoxic microglial cells. Furthermore, ~ growth factor induced p42/p44 MAPK pathway activation (Vela et
caspase-3 expression was reduced in oligodendrocytes treated with ~ al., 2002). In the present study, interaction of IL-1 with oligo-
medium from deferoxamine treated hypoxic microglia, or withme- ~ dendrocytes was derived from the proliferation assay, which
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Figure 6. A, Bar graph represents the intracellular ROS estimation using 10 rum CM-H,DCFDA in primary microglial cells. Note a marked increase in ROS level following hypoxia (H) for
4hwhen compared with control (C). The hypoxia-induced increase in ROS is suppressed by ~30% with deferoxamine (H-+D) when compared with that of hypoxic microglia. B, Bar graph
in B represents the total ROS/RNS released by control (C), hypoxia (H), and hypoxia + deferoxamine (H+D) microglia. €, Confocal images showing the colocalization of 0X42 (a, d, g:
green) and TNF-cx (b, e, h: red) in control (C), hypoxia (H), and hypoxia + deferoxamine (H+ D) microglia. Note enhanced TNF-oimmunofluorescence is attenuated with deferoxamine
treatment. The bar graph in D shows the concentration of TNF-« released into the medium by control (C), hypoxia (H), and hypoxia + deferoxamine (H-+ D) microglia. E, Confocal images
showing the colocalization of 0X42 (a, d, g: green) and IL-113 (b, e, h: red) in control (C), hypoxia (H), and hypoxia + deferoxamine (H+D) microglia. Note hypoxia enhanced IL-13
immunofluorescence is attenuated by deferoxamine. Bar graph in F shows the concentration of IL-1[3 released into the medium in control (C), hypoxia (H), and hypoxia + deferoxamine
(H+D) microglia. Scale bars, 20 wm. Significant differences between the groups are expressed as follows: *p << 0.05; **p << 0.01. Each experiment was performed in triplicate.

showed that proliferation of oligodendrocytes was reduced
when treated with medium from hypoxic microglial cells. Prolifera-
tion of oligodendrocytes was significantly increased when treated
with conditioned medium that was neutralized with IL-18 antise-
rum as evidenced by the reduced inhibition of proliferation by pro-
liferation assay (Fig. 7H ). This is in accord with a previous study that
demonstrated the inhibition of proliferation of cultured oligoden-
drocyte progenitors on addition of IL-13 to the culture medium
(Velaetal., 2002). The damaging role of TNF-« and IL-13 on oligo-

dendroyctes is supported by our previous study, which reported an
increased expression of TNF receptor 1 and IL-1 receptor 1 in oligo-
dendrocytes in hypoxia (Deng et al., 2008).

Additional evidence to the damaging role of excess accumu-
lation of microglial iron on oligodendrocytes is derived from the
TUNEL assay, which showed an increase in apoptosis of oligo-
dendrocytes when treated with medium from hypoxic microglial
cells. It is suggested that this may be linked to microglial iron,
which mediates production of inflammatory cytokines and ROS.
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Figure 7. A, Bar graph represents the glutathione content in primary oligodendrocytes in control group (C), oligodendrocytes treated with conditioned medium from control microglia (CCM),
oligodendrocytes treated with deferoxamine (DCM), hypoxic oligodendrocytes (H), oligodendrocytes treated with conditioned medium from hypoxic microglia (HCM), and with conditioned medium
from deferoxamine treated hypoxic microglial cells (DHCM). B, Bar graph represents the MDA concentrations in oligodendrocyte cultures in all six groups. Significant differences between the groups
are expressed as follows: *p < 0.05, **p << 0.01 with respect to control; and *p << 0.05, *p << 0.01 with respect to hypoxia. €, Confocal images showing caspase-3 (Cas-3)-positive oligodendro-
cytes on treatment with TNF-c [Ca, CC1 (green); €b, Cas-3 (red); C¢, CCT + Cas-3 + DAPI (blue)]. D—F, Caspase-3 labeling of oligodendrocytes showing a significant increase in cells treated with
conditioned medium from hypoxic microglial cells. D shows the confocal images of CC1-stained oligodendrocytes in all groups, E shows the confocal images of cells that are caspase-3 positive in all
groups, F shows the colocalization of CC1, caspase-3, and DAPI-positive cells (green, CC1; red, Cas-3; blue, DAPI). Scale bars, 50 m. The bar graph in G shows the percentage of caspase-3-positive
cells in all groups including HC(M+ anti-TNF-c (treated with conditioned medium from hypoxic microglia containing 10 wug/ml anti-TNF-cx). The bar graph in H represents the proliferation of
oligodendrocytes in all groups including IL-13 + anti-IL-1/3 (treated with 100 pg/ml IL-13 peptide neutralized with 10 pg/ml anti-IL-18) and HCM + anti-IL-13 (treated with conditioned
medium from hypoxic microglia containing 10 ug/ml anti-IL-1[3). See text for detailed description of changes. Significant differences between the various groups are expressed as follows: *p <
0.05, **p < 0.01 with respect to control; and *p << 0.05, *p << 0.01 with respect to HCM. Each experiment was performed in triplicate.
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Ashows the confocal images of DAPI-stained nucleus in all of the groups, B shows the confocal images of cells that are TUNEL positive in all of the groups, and € shows the colocalization of DAPI- and
TUNEL-positive cells. Bar graph in D shows the percentage of cells that are TUNEL positive in each group (C, control; CCM, treated with conditioned medium control microglia; DCM, treated with
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wm. Significant differences between the various groups are expressed as follows: *p << 0.05, **p << 0.01 with respect to control; and *p << 0.05, *p << 0.01with respect to hypoxia. The experiment

was repeated in triplicate.

This is supported by the fact that the incidence of apoptosis was
significantly reduced in oligodendrocytes treated with condi-
tioned medium derived from deferoxamine treated hypoxic mi-
croglia when compared with those subjected to conditioned
medium from hypoxic microglia but not treated with deferox-
amine. Arising from the above results, we suggest that IRPs are
involved in the TfR protein upregulation in hypoxic microglial
cells. This would result in increased iron accumulation leading to
production of ROS and cytokines such as TNF-« and IL-18 and
causing apoptosis and inhibited proliferation of oligodendro-
cytes in the PWM.

While it is unequivocal that increase in iron in hypoxic
microglial cells can cause oligodendrocyte death/apoptosis,
the possibility that elevated iron in hypoxic oligodendrocytes
can also partake in their cell death is considered. To determine
this, primary oligodendrocytes were subjected to hypoxic ex-
posure. Interestingly, increase in oligodendrocyte iron was
remarkably low compared with the hypoxic microglia, 0.009
nmol/ul of cell homogenate in hypoxic oligodendrocytes versus 0.07
nmol/ul in hypoxic microglia (Rathnasamy et al., unpublished
data). Additionally, the glutathione levels in oligodendrocytes
treated with conditioned medium from hypoxic oligodendrocytes

were comparable with the control oligodendrocytes (data not
shown), suggesting that oligodendrocyte iron plays only a minor
role, if any, in oligodendrocyte death in hypoxia.

The present results have shown an increase in iron levels in
the PWM in neonatal brain following hypoxia. The increased
iron accumulation was specifically localized in AMCs, which
was coupled by increased IRPs and TfR expression. Further-
more, intracellular iron increase in AMCs was accompanied
by increase in ROS, TNF-¢, and IL-1f3 generation, which was
reduced when the cells were treated with the iron chelator
deferoxamine. Associated with this was a reduction in apoptosis of
oligodendrocytes when treated with conditioned medium
from hypoxia + deferoxamine microglia. It is suggested that
intracellular iron increase in microglia is a major contributing
factor to the enhanced release of ROS and cytokines that cause
apoptosis of oligodendrocytes in hypoxia. The role of iron and
its regulatory proteins in this would involve mechanisms that
it exerts on oligodendrocytes such as reduction of their anti-
oxidant defenses, increased caspase-3 expression, and de-
creased proliferation. This is manifested by the reduced GSH
and increased MDA in oligodendrocytes when treated with
conditioned medium derived from hypoxic microglia. The
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phenomenon, however, was reversed when oligodendrocytes
were treated with conditioned medium from hypoxic micro-
glia with added deferoxamine.
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