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death in the hippocampal CA1 area following transient forebrain
ischemia in rat
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Abstract Abnormal brain iron homeostasis has been

proposed as a pathological event leading to oxidative stress

and neuronal injury under pathological conditions. We

examined the possibility that neuronal iron overload would

mediate free radical production and delayed neuronal

death (DND) in hippocampal CA1 area after transient

forebrain ischemia (TFI). Mitochondrial free radicals

(MFR) were biphasically generated in CA1 neurons 0.5–8

and 48–60 h after TFI. Treatment with Neu2000, a potent

spin trapping molecule, as well as trolox, a vitamin E

analogue, blocked the biphasic MFR production and

attenuated DND in the CA1, regardless of whether it was

administered immediately or even 24 h after reperfusion.

The late increase in MFR was accompanied by iron

accumulation and blocked by the administration of

deferoxamine—an iron chelator. Iron accumulation was

attributable to prolonged upregulation of the transferrin

receptor and to increased uptake of peripheral iron

through a leaky blood–brain barrier. Infiltration of iron-

containing cells and iron accumulation were attenuated by

depletion of circulating blood cells through X-ray irradi-

ation of the whole body except the head. The present

findings suggest that excessive iron transported from

blood mediates slowly evolving oxidative stress and

neuronal death in CA1 after TFI, and that targeting iron-

mediated oxidative stress holds extended therapeutic time

window against an ischemic event.
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Introduction

A brief period of global cerebral ischemia, occurring in

patients during cardiac arrest or induced experimentally

in animals, causes the selective degeneration of CA1

pyramidal neurons in the hippocampus 2–4 days after

reperfusion [27, 49, 59]. Three plausible hypotheses have

been proposed as key mechanisms underlying this

delayed neuronal death (DND) after transient forebrain

ischemia (TFI). First, Ca2?-permeable a-amino-3-hydroxy-
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5-methyl-4-isoxazolepropionic acid (AMPA) glutamate

receptors can mediate DND through the downregulation of

glutamate receptor 2 (GluR2), a Ca2?-impermeable

AMPA receptor subunit, in CA1 neurons after TFI,

resulting in the formation of Ca2?-permeable AMPA

glutamate receptors [2, 45]. Excess Ca2? influx and

accumulation then triggers degeneration of CA1 neurons

[15]. In support of this, administration of the AMPA

receptor antagonist NBQX or the calcium channel block-

ers KB-2796 or 1-naphthyl acetyl spermine (Naspm)

reduces DND [42, 54, 60]. Second, Zn2? influx and

accumulation in CA1 neurons can contribute to DND

through the translocation of Zn2? from presynaptic ter-

minals into CA1 neurons following TFI, leading to

neuronal death possibly by triggering mitochondrial

depolarization and extracellular signal-regulated kinase

activation [21, 28, 35]. Blockade of rising intracellular

Zn2? in CA1 neurons with the zinc chelators calcium

EDTA or N,N,N0,N0-tetrakis(2-pyridylmethyl)ethylenedia-

mine attenuates DND [4, 28]. Finally, the reduction of free

radicals has been shown to protect hippocampal CA1

neurons from TFI [16, 55], suggesting that free radicals

comprise an additional route to DND [6, 20, 57].

Iron overload has been implicated in free radical pro-

duction and neuronal death in neurodegenerative diseases

including Alzheimer’s disease (AD) and Parkinson’s

disease (PD), and in stroke [5, 33, 44, 53, 61]. Under

these pathological conditions, iron released from iron-

binding proteins such as ferritin and cytochromes can

catalyze free radical reactions by Fenton chemistry and

Haber–Weiss cycle, resulting in damage to all types of

biomolecules [24, 31, 39]. In fact, lipid, DNA, and pro-

tein oxidation by iron-catalyzed reactive-oxygen species

(ROS) such as hydroxyl radicals and peroxyl/alkoxyl

radicals is evident by elevated levels of malondialdehyde,

4-hydroxynonenal, isoprostanes, 8-hydroxyguanine in

the blood and/or brain in AD, PD, and stroke [1, 7, 34,

36, 58].

Administration of deferoxamine, an iron chelator, was

shown to reduce brain lipid peroxidation, neurological

injury, and mortality in dog or rat subjected to transient

cardiac arrest [29, 41, 51]. In rat, TFI caused late-onset iron

overload in the CA1 area after 4 weeks that paralleled

appearance of reactive astrocytes and ferritin-immunore-

active microglia [30]. This raises a possibility that iron may

mediate free radical generation and DND in CA1 pyrami-

dal neurons following TFI. To test this hypothesis, we first

conducted experiments to delineate the causal relationship

between iron overload, free radical generation, and neu-

ronal death in CA1. We further investigated if iron

regulatory proteins and iron transport through blood–brain

barrier (BBB) opening would participate in altered iron

homeostasis in CA1 neurons.

Materials and methods

Animals

Sprague–Dawley rats (male, 250–300 g) and fetal ICR

mice were purchased from Orient Bio Inc. (Seoungnam,

Korea) for all experiments. All experimental procedures

were conducted under the approval of the Institutional

Animal Care and Use Committee of Ajou University

School of Medicine.

Transient forebrain ischemia

TFI was induced by four-vessel occlusion with minor

modifications of the method previously described [47, 48].

The four-vessel occlusion method of inducing ischemia

involves cauterization of both vertebral arteries plus tran-

sient occlusion of the carotid and results in significant

reduction of the cerebral blood flow (90% or more) [43].

Briefly, rats were anesthetized with chloral hydrate

(400 mg/kg, i.p.), and bilateral vertebral arteries were

exposed and electrocauterized, followed by isolation of

both common carotid arteries (CCAs) and placing poly-

ethylene tube (PE-10) loosely around the CCAs. After

24 h, the CCAs were occluded bilaterally using aneurysm

clips for 10 min. The body temperature was monitored by

rectal thermistor probe and maintained at 37.5 ± 0.5�C

with heating pads during ischemia and until animals were

completely recovered. Animals were fasted for 1 day

before the induction of ischemia and thereafter they were

allowed free access to food and water. Sham-operated

animals were treated identically except that vertebral

arteries and CCAs were not occluded. The total number of

rats was 240 in the present study, while 25 rats died either

during surgical procedure or occlusion of forebrain ische-

mia. Death was not observed following reperfusion or

sham operation. Animals were grouped as follows: 120 rats

for the analysis of mitochondrial free radicals (MFR), 44

rats for cell death analysis, 24 rats for histochemistry, 12

rats for Evans blue injection, and 15 rats for irradiation.

Drug treatment

Neu2000 (Neurotech Pharmaceuticals Co., Ltd., Korea)

and trolox (Sigma) were injected immediately or 24 h after

reperfusion at a dose of 50 mg/kg (i.p). Deferoxamine

mesylate (DFO, Sigma) was administered subcutaneously

(s.c.) immediately after reperfusion at a dose of 100 mg/kg.

Ca-EDTA (100 mM) was administered using a stereotaxic

apparatus (Kopf Instruments, Tujunga, CA) into the left

lateral ventricle (i.c.v.) at a flow rate of 1 ll/min for 5 min,

at the onset of reperfusion. Control rats received saline

(0.9% NaCl) as a vehicle. Five rats were used for each
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group except that six rats were used for post-treatment

group with Neu2000, cell death analysis at 7 days after

administration of deferoxamine, and cell death analysis at

3 days after TFI.

Tissue preparation

Animals were killed and subjected to trans-cardiac perfu-

sion with phosphate buffered saline (PBS, pH 7.4) and 4%

paraformaldehyde. For analysis of circulating blood cells in

the brain, animals were directly subjected to trans-cardiac

perfusion with 4% paraformaldehyde. Brains were

removed, stored in 4% paraformaldehyde at 4�C overnight,

and immersed in 30% sucrose for 3–4 days at 4�C. The

brains were then frozen rapidly in powdered dry ice and

stored at -70�C. The frozen brains were sectioned coro-

nally between 3 and 4 mm posterior to the bregma to a

thickness of 25 lm using a Cryocut Microtome (Leica

Microsystems, Wetzlar, Germany) and stored in stock

solution [0.1 M phosphate buffer pH 7.4, 30% (v/v) glyc-

erol, 30% ethylene glycol)] at 4�C until use.

Immunohistochemistry

Free-floating sections were incubated in 0.3% H2O2 and

0.25% Triton X-100 for 10 min at room temperature and

treated with 10% normal goat serum for 1 h. Sections

were then incubated with one of the following primary

antibodies: mouse anti-NeuN (diluted 1:200, Chemicon

International, Temecula, CA), mouse anti-transferrin

receptor (anti-TfR, diluted 1:200, Zymed Laboratories Inc.,

San Francisco, CA), polyclonal rabbit anti-human

Transferrin (diluted 1:200, DakoCytomation., Glostrup,

Denmark), biotin-conjugated rabbit anti-ferritin (diluted

1:200, Abcam, Cambridge, UK), polyclonal rabbit anti-

human myeloperoxidase (MPO, diluted 1:50, DakoCyto-

mation., Glostrup, Denmark), mouse anti-rat CD163 (ED2;

diluted 1:100, Serotec Inc., Oxford, England), fluorescein

isothiocyanate-labeled anti-human glycophorin A (diluted

1:10, Invitrogen Corp., CA, USA), mouse anti-EBA

(endothelial barrier antigen) (diluted 1:1,000, SMI 71,

Sternberger Monoclonals, Lutherville, MD, USA). After

24 h, the sections were thoroughly washed with PBS,

incubated with fluorescein isothiocyanate-labeled horse

anti-mouse IgG (diluted 1:200, Vector Laboratories,

Burlingame, CA), Texas Red goat anti-rabbit IgG (dilu-

ted 1:200, Vector Laboratories), Rhodamine avidin D

(diluted 1:200, Vector Laboratories) or AMCA streptavidin

(diluted 1:200, Vector Laboratories) for 2 h at RT, washed

again with PBS, and mounted on gelatin-coated slides.

Double immunolabeling was carried out by reaction with

the first primary antibody which was followed by reaction

with the second primary antibody pre-conjugated to each

fluorescent-labeled secondary antibody by in vitro incu-

bation [9]. For 8-OHdG (a marker of oxidative stress to

DNA) detection, the avidin–biotin complex technique fol-

lowed by DAB staining was used. Primary antibody was

monoclonal mouse anti-8-OHdG antibody (10 lg/ml; Oxis

International Inc., Portland, Ore). Normal mouse IgG

(Vector Laboratories) was used as negative control. The

secondary antibody was anti-mouse IgG (diluted 1:200,

Vector Laboratories).

Quantitation of neuronal death in the CA1

Delayed neuronal degeneration was assessed by histo-

logical examination of Cresyl violet-stained brain

sections at the level of the dorsal hippocampus collected

from animals killed 3 or 7 days after ischemia as pre-

viously reported [57]. For quantitative analysis, surviving

neurons in the CA1 layer within a 50 9 200 lm rect-

angular area were counted using an ocular grid within the

microscope eyepiece (Olympus Optical Co., Tokyo,

Japan). The mean number of surviving cells in three non-

adjacent sections was calculated for each animal. We

routinely performed counting of surviving neurons in a

blind manner.

Detection and analysis of MFR

MFR (5 rats for each group) were analyzed using

MitoTracker Red CM-H2XRos as previously described

[25]. Animals were anesthetized with chloral hydrate

(400 mg/kg, i.p.), placed into a Kopf stereotaxic apparatus,

and injected with 0.4 nmol MitoTracker Red CM-H2XROS

into the lateral ventricle 1 day prior to TFI induction.

Animals were euthanized and perfused transcardially with

PBS and 4% paraformaldehyde. The brains were removed,

fixed, and sectioned at a thickness of 25 lm. The sections

were subjected to immunohistochemistry with mouse anti-

NeuN and Hoechst 33258 (Sigma) to label neurons and

nuclei, respectively. MFR were analyzed by monitoring the

oxidized fluorescence product (excitation 554 nm, emis-

sion 576 nm) of MitoTracker Red CM-H2XROS under a

fluorescence microscope equipped with a cooled CCD

system (CoolSNAP monochrome cf/OL, Olympus). The

fluorescent intensity of MitoTracker Red CM-H2XROS in

hippocampal neurons was measured using MetaMorph

image analysis software (Universal Imaging Corporation,

USA).

Iron histochemistry with Perl’s staining

Iron staining was performed according to a 3,30-diam-

inobenzidine tetrahydrochloride (DAB)-enhanced method

of Prussian Blue staining [22, 32]. In brief, sections were
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washed with distilled water and immersed in Perl’s solu-

tion containing 2% potassium ferrocyanide and 2%

hydrochloric acid for 30 min. The sections were washed

and then incubated in 0.05% DAB solution in 0.1 M

phosphate buffer (pH 7.4) and followed by addition of

hydrogen peroxide (0.5 ml of 1% H2O2 to 100 ml DAB

solution). No signal was observed in sections subjected to

the DAB intensification procedure without prior incubation

with Perl’s solution. The number of iron-positive cells was

analyzed in the CA1 subfields containing brain capillary

endothelium from three brain sections of each animal. Iron

stain-positive cells were counted on 400-fold magnification

images using the manual counting module using Meta-

Morph image analysis software (Universal Imaging

Corporation, USA). The iron intensity was analyzed via

pixel-quantification of signal positive to Perl’s staining in

the CA1 cells on 400-fold magnification images using the

Image Gauge software (FUJIFILM Science Lab Image

Gauge Ver. 4.0.)

Zinc staining

Intracellular zinc was visualized using 6-methoxy-8-qui-

nolyl-para-toluenesulfonamide (TSQ), a membrane-

permeable zinc-chelating dye [11]. Cultured cells were

incubated in a solution of 4.5 lM TSQ (Molecular Probes,

Eugene, OR) in 140 mM sodium barbital and 140 mM

sodium acetate buffer, pH 10. After 5 min, the sections

were washed with PBS and observed under a fluorescence

microscope with an ultraviolet filter (excitation 365 nm,

dichroic mirror 400 nm, barrier 450 nm).

Extravasation of Evans blue dye (EBD)

BBB permeability (3 rats for each group) was investigated

by monitoring the extravasation of EBD. The EBD–

albumin conjugate can be identified macroscopically by

its striking blue color within tissue and observed by red

auto-fluorescence in tissue sections examined by fluores-

cence microscopy [40]. Sham-operated animals or

ischemic/reperfused animals were injected with 0.1 ml of

4% EBD (Sigma) in 0.9% saline through a dissected

femoral vein. After 30 min, animals were killed by

transcardial perfusion using 200 ml PBS. The brains were

removed, fixed with paraformaldehyde, and sectioned at a

thickness of 25 lm. The sections were incubated for

30 min with fluorescein-Lycopersicon esculentum

(Tomato) Lectin (Vector Laboratories) to label brain

capillary endothelial cells, rinsed with PBS, and then

mounted. The extravasation of Evans blue was observed

under a fluorescent microscope (excitation 557 nm,

emission 576 nm).

X-ray irradiation

X-ray irradiation to total body was performed to suppress

hematopoiesis, resulting in depletion of circulating blood

cells including leukocytes and lymphocytes [23]. Animals

were anesthetized with chloral hydrate (400 mg/kg i.p.)

and placed in the supine position. Animals (5 rats for each

group) were irradiated with a single dose of 650 cGy using

a 6-MV photon beam (CLINAC 2100C/D, Varian Medical

System). Irradiation was delivered to the whole body

excluding the head with anterior and posterior opposing

fields at a distance of 100 cm from source to axis. Blood

samples were collected from the femoral vein 5 days after

irradiation, and blood cells were counted using a Hemavet

950 FS (Drew Scientific Inc., USA).

Primary cortical cell culture and lactate dehydrogenase

(LDH) assay

Cortical cells were obtained from the brains of fetal ICR

mice at 14–15 gestational days and plated (approximately

2.5 9 105 cells per well) either in 24-well plates to

examine the effects of oxidative stress on neuronal survival

or on plastic coverslips for immunohistochemistry pre-

coated with plating media consisting of Eagle’s minimal

essential media (MEM, Earle’s salts, supplied 100 lg/ml

poly-D-lysine and 4 lg/ml laminin, glutamine-free, GIB-

CO, USA) supplemented with 5% horse serum, 5% fetal

bovine serum, 2 mM glutamine, and 21 mM glucose.

Cultures were maintained at 37�C in a humidified 5% CO2

atmosphere. For co-cultures of neurons and glia, 10 lM

cytosine arabinofuranoside was added to cultures at

7–9 days in vitro (DIV) when glial cells were confluent

beneath neurons. Cultures were fed with growth medium

without fetal bovine serum twice per week until experi-

ments. Neuronal damage was observed under a phase

contrast microscope following oxidative challenges. Neu-

ronal death was analyzed as previously described [17].

Mixed cortical cell cultures (13–15 DIV) were subjected to

oxidative stress by continuous exposure to FeCl2, mena-

dione, or H2O2, or by 30-min exposure to ZnCl2 in MEM

containing 25 mM glucose. Oxidative neuronal death was

analyzed 24 h later by measuring the amount of LDH

released into bathing media.

Statistical analysis

All data are normalized to control values considered as

100%, and the results are expressed as mean ± SEM.

Statistical analysis was performed using Student’s t test

and one-way ANOVA followed by Student–Newman–

Keuls test (SPSS, Chicago, IL). P values \0.05 were
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considered statistically significant and are indicated as

asterisks or hash symbols in figures.

Results

The biphasic pattern of free radical production in CA1

pyramidal neurons following TFI

We first investigated the temporal pattern of MFR pro-

duction in the hippocampal formation following TFI by

monitoring the oxidized fluorescent products of Mito-

Tracker Red CM-H2TMRos as previously reported [25].

MFR were detectable at low levels in the dentate gyrus of

sham-operated rat brains. Levels of MFR were high in the

pyramidal cell layers compared to the dentate gyrus. The

fluorescence intensity of MFR increased significantly in

CA1 pyramidal neurons (P \ 0.05), but not in dentate

gyrus granule cells, 2 h after TFI (Fig. 1a). MFR levels in

CA1 neurons increased from 0.5 to 8 h, returned to control

levels from 16 to 36 h, and then increased again from 48 to

60 h after TFI (Fig. 1b). MFR production returned to

control levels after 72 h in conjunction with delayed

degeneration of CA1 neurons. The biphasic patterns of

oxidative stress in the CA1 neurons were further verified

by increased immunoreactivity to 8-hydroxyl-deox-

yguanosine (8-OHdG), a marker of oxidation of DNA, at 2

and 48 h after TFI (Fig. 1c).

The extended neuroprotective time window

of antioxidants against DND

Neu2000 is a potent spin trapping molecule that completely

blocks Fe2?-induced free radical toxicity at 300 nM in

cultured cortical neurons [18]. Administration of Neu2000

(50 mg/kg, ip) significantly blocked MFR production in

CA1 neurons 2 h and 2 days after TFI (Fig. 2a, b). Trolox

(50 mg/kg, ip), a water-soluble form of alpha-tocopherol,

also reduced TFI-induced free radical production (Fig. 2b).

Treatment with Neu2000 substantially attenuated the

delayed degeneration of CA1 neurons 3 days after TFI

(Fig. 2c, d). Interestingly, the neuroprotective effect of

Neu2000 remained prominent 3 and 7 days post-ischemia

when Neu2000 was delivered 1 day after TFI, suggesting it

is the delayed phase of free radical production that con-

tributes to DND.

Increased iron and iron regulatory protein expression

in CA1 neurons following TFI

Perl’s reaction with DAB intensification in sham-operated

control rats revealed iron localized in the molecular layer

of the dentate gyrus and mossy fibers into CA3 and weakly

apparent in neuronal cell layers throughout the hippocam-

pal formation. Iron intensity increased in dentate gyrus

granule cells and all hippocampal pyramidal cell layers

within 1 day after TFI, and remained elevated 2 days after

TFI in hippocampal pyramidal cell layers but not in the

dentate gyrus. Iron deposition was only observed in the

CA1 pyramidal cell layer 3 days after TFI (Fig. 3a).

Additional experiments were performed to examine the

iron handling proteins TfR and ferritin, which were asso-

ciated with iron deposition in the CA1 after TFI (Fig. 3a).

TfR was observed sparsely through the hippocampal for-

mation in sham-operated control rats. Ferritin was observed

in the molecular layer of the dentate gyrus, mossy fibers in

the CA3 region, and neuronal layers of the hippocampal

formation in sham-operated control rats. TfR expression

markedly increased 1 day after TFI in dentate gyrus

granule cells and all hippocampal cell layers including

CA1, CA3, and hilar regions. The expression of TfR

remained elevated in the CA1 pyramidal cell layer over the

next 3 days. The expression of ferritin, an intracellular

iron-sequestering protein, increased in the dentate gyrus

granule cell layer and hippocampal cell layers 1 day fol-

lowing TFI. In contrast to TfR, however, ferritin expression

in the CA1 cell layer returned to near-control levels within

2 days after TFI. Most CA1 cells immunoreactive to TfR

or ferritin were labeled with the neuronal nuclear protein

NeuN (Fig. 3b, c), suggesting that the expression of TfR

and ferritin was increased in the CA1 pyramidal neurons

1 day following TFI.

Iron chelation with deferoxamine prevents free radical

production and DND

Deferoxamine mesylate (DFO), a high-affinity chelator of

Fe3? ions, has been used in clinical practice for more than

30 years to remove excessive iron from the body. DFO

administration (100 mg/kg, s.c.) immediately following

TFI prevented the increase in intracellular iron in CA1

neurons 1 day after TFI. DFO also prevented iron overload

in the CA1 subfield 7 days post-ischemia (Fig. 4a). Free

radical production in CA1 neurons 2 days after TFI was

completely blocked by administration of DFO (Fig. 4b),

but not by Ca-EDTA, a zinc chelator, at an effective dose

(100 mM, i.c.v.) previously shown to attenuate DND in the

CA1 [28]. DFO (100 mg/kg, s.c) attenuated delayed

degeneration of CA1 neurons following TFI. The neuro-

protective effect of DFO was maintained 7 days post-

ischemia (Fig. 4c).

Beneficial effects of DFO are attributed principally to its

iron chelation properties, but direct radical scavenging may

also be involved [19]. Therefore, we aimed to verify the

iron-specific nature of the effect of DFO against free rad-

ical injury. Neuronal uptake of iron 8 h after exposure to
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50 lM FeCl2 was observed in mixed cortical cell cultures

of neurons and glia, which was followed by widespread

neuronal death over the next 24 h (Fig. 4d). Iron uptake

and neuronal death were completely blocked by concurrent

administration of DFO (100 lM). TSQ staining revealed

zinc uptake in cultured cortical neurons 8 h after exposure

of mixed cortical cell cultures to ZnCl2 (300 lM for

30 min). Zinc uptake and neurotoxicity were not attenuated

by administration of DFO. Furthermore, DFO did not

protect cells from free radical neurotoxicity induced by

menadione (10 lM), an intracellular superoxide-producing

agent, or hydrogen peroxide (200 lM) in cortical cell

cultures (Fig. 4e).

TFI induces the increase of BBB permeability and iron

uptake from circulating peripheral blood

Brain iron is supplemented from the blood and tightly

regulated by the BBB [38], and BBB permeability has been

shown to increase in brain areas sensitive to forebrain

ischemia [8]. The possibility that TFI would induce BBB

opening and accelerate the transport of peripheral blood

iron into the brain was investigated by monitoring the

extravasation of Evans blue. The fluorescent signal of

Evans blue was not observed in the hippocampal formation

of sham-operated control rats but increased through the

brain capillary endothelium of CA1 subfields 1 day after

TFI (Fig. 5a). The extravasation of Evans blue was

noticeable in the dorsal hippocampus within 2 days after

TFI (Fig. 5b). This implies that TFI impairs the integrity of

the BBB primarily in the hippocampal formation and

increases BBB permeability through the hippocampal

capillary endothelium.

Additional experiments were set out to investigate if

iron-containing blood cells would be infiltrated into the

brain after TFI. Weak iron-positive signals were observed

in the hippocampal CA1 subfields of sham-operated control

rats (Fig. 5c). The number of cells densely labeled by

Perl’s reaction increased in the hippocampal region

including the brain capillary endothelium 1 day after TFI.

The iron-positive signals were considerably reduced in rats

thoroughly perfused with PBS, suggesting that iron and

iron-positive cells be transported to the hippocampal areas

from blood after TFI. In support of this, cells immunore-

active to MPO (a leukocyte marker) or ED2 (a macrophage

marker) were increased in the hippocampal areas 1 day

after TFI (Fig. 5d). Red blood cells were labeled with

Glycophorine A and slightly increased around the endo-

thelial layer. TFI also increased transferrin-positive signals

through the hippocampal CA1 parenchyma.

X-ray irradiation reduces the number of leukocytes

and thrombocytes in blood and TFI-induced iron

overload

We performed additional experiments to examine if infil-

tration of blood cells such as leukocytes would be required

for iron uptake and accumulation in the CA1 neurons after

TFI. Perl’s iron staining revealed that many iron-positive

particles and cells were observed in the CA1 pyramidal cell

layer and the brain capillary endothelium 1 day after TFI

(Fig. 6a). TFI-induced iron overload and intensely iron-

positive cells were significantly reduced in rats subjected to

TFI following sublethal X-ray irradiation of the whole

body except the head, which resulted in reduced number of

leukocytes and thrombocytes in circulating blood (Fig. 6;

Table 1). This suggests that infiltration of iron-containing

blood cells to the hippocampus contributes to iron overload

and iron-mediated DND in the CA1 after TFI.

Discussion

TFI produces a biphasic pattern of free radical production

in CA1 pyramidal neurons. Excess free radicals have been

observed in the hippocampal formation within 30 min after

TFI [46], and we confirmed these reports in our observation

of mitochondrial production of free radicals in CA1 neu-

rons 0.5–8 h after TFI. These rapidly evolving free radicals

appear to be produced through multiple mechanisms

involving mitochondrial dysfunction, activation of Ca2?-

permeable ionotropic glutamate receptors, activation of

xanthine dehydrogenase, and Zn2? accumulation after

recirculation [26, 50]. Free radicals can then contribute to

DND, as evident by the attenuation of neuronal loss in the

CA1 by administration of the antioxidants, Neu2000 or

trolox. Interestingly, MFR increase for the second time in

CA1 neurons 48–60 h after TFI. Targeting these slowly

evolving free radicals with delayed administration of

Fig. 1 Increase in MFR production in hippocampal CA1 neurons

following TFI. a Fluorescence photomicrographs of cell layers in the

dentate gyrus (DG) and hippocampal CA1 region (CA1) labeled with

Hoechst 33258 (Hoechst), mouse anti-NeuN antibody (NeuN), and

MitoTracker Red CM-H2XROs (MR) 2 h following sham operation

(CTRL) and 10 min transient forebrain ischemia (TFI). Numerous

punctate mitochondrial free radicals (MFR) were observed in

hippocampal CA1 regions (red) and overlapped with nuclear (blue)

and neuronal (green) counterstaining in the bottom panels (Merge).

b Quantitative analysis of relative intensities of MR fluorescence

signals in CA1 pyramidal cells following reperfusion. MFR levels are

normalized against time-matched, sham-operated controls at the

indicated time points. Data are expressed as mean ± SEM (n = 5

animals for each condition). *P \ 0.05 compared with relevant

controls, using ANOVA and Student–Newman–Keuls test. c Bright-

field photomicrographs of CA1 sections immunolabeled with mouse

anti-8-OHdG antibody in sham-operated control (CTRL) or ischemic

rats (TFI) 2, 24, and 48 h following reperfusion. Bar 50 lm

b
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Neu2000 also prevented DND, suggesting that delayed free

radical production contributes to TFI-induced DND.

In the present study, we demonstrated a central role of

iron in mediating delayed free radical production and

neuronal death in the CA1 after TFI. First, intracellular iron

accumulation in CA1 neurons after TFI occurred over a

prolonged period of time before delayed free radical pro-

duction was observed. Second, the administration of DFO,

an iron chelator, prevented both iron accumulation and

delayed free radical production in CA1 neurons after TFI.

Finally, DFO prevented degeneration of CA1 neurons after

TFI. The selectivity of DFO to iron was verified in cultured

cortical cells, in which DFO blocked neuronal uptake of

iron and iron-induced free radical neurotoxicity, but neither

zinc uptake nor zinc-induced neuronal death. Moreover,

DFO did not reduce neuronal death induced by the pro-

oxidants such as H2O2 or menadione.

Iron is bound to a high-affinity Fe3? binding site of

transferrin, which is then acquired by target cells through

TfR-mediated endocytosis [37]. TfR expression correlates

with cellular iron uptake and has been reported to increase

in ischemic tissue after reperfusion [56], indicating that
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Fig. 2 Treatment with Neu2000 attenuates TFI-induced MFR pro-

duction and DND in CA1. a Superimposed images of fluorescence

photomicrographs of hippocampal sections labeled with Hoechst

33258 and MitoTracker Red CM-H2XROs showing nuclei (blue) and

MFR (red) in CA1 neurons 2 h after sham operation (CTRL),

ischemia alone (TFI) or ischemia with administration of Neu2000

(50 mg/kg, i.p.) immediately after reperfusion. b Quantitative anal-

ysis of MFR levels in CA1 pyramidal cells 2 h or 2 days after

ischemia alone (TFI) or with administration of Neu2000 (50 mg/kg,

i.p.) or trolox (50 mg/kg, i.p.) immediately after reperfusion. MFR

levels are normalized against time-matched, sham-operated controls

at the indicated time points. Data are expressed as mean ± SEM

(n = 5 animals for each condition). *P \ 0.05 compared with

relevant controls, #P \ 0.05 compared with TFI, using ANOVA

and Student–Newman–Keuls test. c Histological photomicrographs of

CA1 cell layers stained with cresyl violet 3 days after reperfusion in

sham-operated (CTRL), ischemic (TFI), and Neu2000-treated

(TFI ? Neu2000) groups. Bar 50 lm. d Quantitative analysis of

CA1 cell viability 3 and 7 days after reperfusion in ischemic (TFI)
and Neu2000 treatment (Neu2000) groups. Neu2000 treatment

protects CA1 cells against TFI-induced delayed neuronal death when

was administered immediately (cotreatment) or 1 day (post-treat-

ment) after reperfusion. Data are expressed as mean ± SEM

(n = 5–6 animals for each condition). *P \ 0.05 compared with

controls, #P \ 0.05 compared with time-matched TFI, using ANOVA

and Student–Newman–Keuls test
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TFI-induced iron overload in CA1 neurons likely involves

upregulation of TfR, which is located primarily on endo-

thelial cells and oligodendrocytes in the nervous system

[14]. TfR expression increased in hippocampal CA1–CA3

neurons within 1 day after TFI and remained elevated in

CA1 neurons 3 days after TFI. The expression pattern of

TfR correlated well with the presence of iron overload in

the hippocampus. Expression of ferritin, an iron-seques-

trating protein, was also increased in hippocampal neurons

within 1 day after TFI but returned to control levels 2 days

later, suggesting that iron is taken up by CA1 neurons

through TfR-mediated endocytosis and present possibly in

a free form unbound to ferritin at 2 days. These findings

imply that the excess of iron uptake and the lack of iron

stores might promote the accumulation of intracellular free

iron, which results in the second production of toxic free

radicals through iron-mediated Fenton reaction. Further

study will be needed to delineate the molecular mecha-

nisms underlying selective and temporal regulation of TfR

and ferritin in the hippocampus after TFI.

Fig. 3 Iron distribution and expression of transferrin receptor and

ferritin in the hippocampal formation following TFI. a. Histological

photomicrographs of hippocampal sections with Perl’s iron staining in

sham-operated control (CTRL) and ischemic rats (TFI) 1–3 days

following reperfusion (top panel). Fluorescence photomicrographs

showing hippocampal sections immunolabeled with mouse anti-

transferrin receptor (TfR, middle panel) and rabbit anti-ferritin (Fe,

bottom panel) antibodies in sham-operated control (CTRL) and

ischemic rats (TFI) 1–3 days following reperfusion. Bar 250 lm. b–

c Fluorescence photomicrographs of the NeuN-positive CA1 neurons

(red) colocalized with transferrin receptor (TfR) (b, green) or ferritin

(Fe) (c, green) 1 day after TFI. Note upregulation of TfR and Fe in

CA neurons (Merge, yellow). Bar 50 lm
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Levels of iron in the nervous system have been

reported to remain constant under normal conditions,

possibly due to the tight regulation of iron entry through

the BBB [3]. However, iron homeostasis can be disrupted

under certain pathological conditions that compromise the

BBB. In particular, ischemic brain injury renders the BBB
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Fig. 4 Iron mediates TFI-induced MFR production and DND in CA1.

a Histological photomicrographs of hippocampal sections with Perl’s

iron staining 1 and 7 days after sham operation (CTRL), ischemia

(TFI), or with administration of deferoxamine (DFO, 100 mg/kg s.c)

immediately after reperfusion. Bar 50 lm. b Quantitative analysis of

MFR levels in CA1 pyramidal cells 2 days after ischemia (TFI) or with

administration of DFO (100 mg/kg s.c.), Ca-EDTA (100 mM, i.c.v.)

immediately after reperfusion, normalized to sham-operated control

(CTRL). Data are expressed as mean ± SEM (n = 5 animals for each

condition). *P \ 0.05 compared with controls, #P \ 0.05 compared

with TFI, using ANOVA and Student–Newman–Keuls test. c Quan-

titative analysis of CA1 cell viability 3 and 7 days after ischemia (TFI)
or with administration of DFO (100 mg/kg, s.c.). Data are expressed as

mean ± SEM (n = 5–6 animals for each condition). *P \ 0.05

compared with controls, #P \ 0.05 compared with TFI. d Bright-field

photomicrographs (top panel) after Perl’s staining at 8 h and phase

contrast photomicrographs (middle panel) 24 h following continuous

exposure of cultured cortical cells to sham wash (Blank) or 50 lM

FeCl2, alone or with inclusion of 100 lM DFO (DFO ? FeCl2).

Fluorescence photomicrographs (bottom panel) of cortical cells with

TSQ staining for zinc deposition 8 h following exposure to sham wash

(Blank) or 300 lM ZnCl2 for 30 min, alone or with inclusion of

100 lM DFO (DFO ? ZnCl2). Bar 25 lm. e The protective effect of

DFO against free radical injury was analyzed by measuring LDH

efflux into the bathing media of mouse cortical cell cultures (12–14

DIV) 24 h following exposure to 50 lM FeCl2, 10 lM menadione

(Mena), 200 lM H2O2 continuously, or 300 lM ZnCl2 for 30 min,

alone or with inclusion of 100 lM DFO. Data are expressed as

mean ± SEM (n = 7–12 culture wells per condition). *P \ 0.05,

compared with FeCl2, menadione, H2O2, or ZnCl2 alone
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Fig. 5 Increased BBB permeability and infiltration of circulating

blood cells following TFI. a Top panel Low power fluorescent

photomicrographs showing capillary endothelium (arrows) in the

hippocampal CA1 subfields after labeling with an anti-endothelial

barrier antigen (EBA) antibody or fluorescein-Lycopersicon esculen-
tum (Tomato) Lectin (green) overlaid with Hoechst 33258 (blue).

Bottom panel High power fluorescent photomicrographs showing

EBD signals (red) double labeled with fluorescein-Lycopersicon
esculentum (Tomato) Lectin (green) at brain capillary endothelium

1 day after sham operation (CTRL) or TFI. Or oriens, Rad radiatum,

Ml molecular layers. b Representative photographs showing the

Evans blue extravasations (blue) in the dorsal hippocampus (arrow) in

mid-sagittal planes of rat brains 2 days after sham operation (CTRL)

or TFI. c Histological photomicrographs of the CA1 subfields

subjected to Perl’s staining with (?) or without (-) PBS perfusion

1 day following sham operation (CTRL) or TFI. d Fluorescent

photomicrographs of the brain capillary endothelium of the CA1

subfields showing infiltration of leukocytes stained with MPO,

macrophages stained with ED2, erythrocytes stained with glycophorin

A, and transferrin (green). Bar 50 lm
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highly permeable to metals, macromolecules, and blood

cells [12, 13], resulting in abnormal infiltration of iron

and iron-containing cells into brain areas undergoing TFI-

induced weakening of the BBB. In the present study,

infiltration of siderotic granules and iron-stained cells

from blood was observed in the hippocampus after TFI,

which, along with iron overload in CA1 neurons, was

attenuated in irradiated rats with substantially reduced

blood cell counts. Taken together, our findings indicate

that iron uptake by hippocampal neurons after TFI may

stem from iron-containing blood cells.

Chemoattractants mediate leukocyte recruitment to sites

of injury and infection under various pathological condi-

tions [10]. Neutrophils and macrophages are recruited into

injured brain areas after focal cerebral ischemia, which is

significantly reduced in monocyte chemoattractant protein

1 (MCP-1)-deficient mice [52]. Expression of MCP-1 and

macrophage inflammatory protein-1-alpha (MIP-1-alpha)

is increased in CA1 neurons after TFI and thought to

mediate the recruitment of iron-containing infiltrating

leukocytes and possibly erythrocytes [57]. Iron can be

released from these recruited blood cells and then iron-
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Fig. 6 Infiltration of iron-containing blood cells contributes to iron

overload in CA1 cells. a Histological photomicrographs of CA1

subfields (arrows brain capillary endothelium, square CA1 pyramidal

cell layer) labeled with Perl’s iron staining 1 day after sham operation

(CTRL) or TFI, alone (TFI) or with X-ray irradiation (TFI ? IR).

Note that irradiation prevents TFI-induced iron overload in CA1 cells

(bottom panel high-magnification images of squared areas). Bar
50 lm. b, c Infiltration of iron-containing cells was analyzed by

counting cells positive with Perl’s staining in CA1 subfields (b) and

iron intensity measured in CA1 cells (c) (n = 5 animals for each

condition). *P \ 0.05 compared to CTRL, #P \ 0.05 compared to

TFI
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transferrin is taken up by and accumulates in CA1 neurons

over-expressing TfR for a prolonged period of time after

TFI. Excessive iron uptake and elevation of free iron in

CA1 neurons produces OH� radicals at delayed second

phase and appears to trigger DND after TFI.

In conclusion, the present findings suggest that deregu-

lation of neuronal iron homeostasis triggers the formation

of slowly evolving free radicals in an iron overload-

dependent manner in CA1. This loss of iron homeostasis

possibly results from a molecular and cellular cascade,

including prolonged upregulation of TfR and brain infil-

tration of iron-containing blood cells and siderotic granules

from the circulating blood through a compromised BBB.

Iron and iron-catalyzed �OH radicals then contribute to

DND in the CA1 region after TFI. A time window for

neuroprotection with antioxidants is present up to 24 h

after TFI, indicating that timely intervention with antioxi-

dants may attenuate neuronal death in human patients with

forebrain ischemia or cardiac arrest.
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