
Neurobiology of Disease

Chelation of Mitochondrial Iron Prevents Seizure-Induced
Mitochondrial Dysfunction and Neuronal Injury
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Chelatable iron is an important catalyst for the initiation and propagation of free radical reactions and implicated in the pathogenesis of
diverse neuronal disorders. Studies in our laboratory have shown that mitochondria are the principal source of reactive oxygen species
production after status epilepticus (SE). We asked whether SE modulates mitochondrial iron levels by two independent methods and
whether consequent mitochondrial dysfunction and neuronal injury could be ameliorated with a cell-permeable iron chelator. Kainate-
induced SE resulted in a time-dependent increase in chelatable iron in mitochondrial but not cytosolic fractions of the rat hippocampus.
Systemically administered N,N�-bis (2-hydroxybenzyl) ethylenediamine-N,N�-diacetic acid (HBED), a synthetic iron chelator, amelio-
rated SE-induced changes in chelatable iron, mitochondrial oxidative stress (8-hydroxy-2� deoxyguanosine and glutathione depletion),
mitochondrial DNA integrity and hippocampal cell loss. Measurement of brain HBED levels after systemic administration confirmed its
penetration in hippocampal mitochondria. These results suggest a role for mitochondrial iron in the pathogenesis of SE-induced brain
damage and subcellular iron chelation as a novel therapeutic approach for its management.
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Introduction
Iron has been suggested to be one of the most abundant metals in
the brain (Beard et al., 1993). Abnormal iron accumulation is a
pathological feature of various neurological diseases, most nota-
bly Parkinson’s disease, Alzheimer’s disease, Huntington’s dis-
ease and Friedreich’s ataxia (Zecca et al., 2004). Although the vast
majority of iron is bound to proteins, a small percentage of cel-
lular iron termed “chelatable iron” exists “in transit” between
cellular uptake and binding to iron storage proteins and is ame-
nable to chelation (Evans and Halliwell, 1994; Petrat et al.,
2002a). Chelatable iron bound to small molecules in the cellular
milieu can be redox reactive and has been implicated in tissue
injury (Halliwell and Gutteridge, 1990; Petrat et al., 2002a). Re-
cent studies have shown that chelatable iron is not only present in
the cytosol, but also in other cellular compartments such as nu-
clei, mitochondria and lysosomes (Petrat et al., 2001, 2002b;
Glickstein et al., 2005). In contrast to protein bound iron, chelat-
able iron can facilitate oxidative damage to lipids, DNA and sus-
ceptible proteins by Fenton chemistry (Zecca et al., 2004). Con-
sistent with the deleterious nature of iron, nutritional iron
deprivation has been shown to attenuate excitotoxic neuronal
injury (Shoham and Youdim, 2004).

Chelation of redox-active transitional metals has the potential
to prevent oxidative stress and neuronal loss. Chelators such as
clioquinol and desferrioxamine (DFO), have been shown to exert

neuroprotection in models of Alzheimer’s and Parkinson’s dis-
ease (Alam et al., 1997; Cherny et al., 2001; Kaur et al., 2003).
However, these compounds have several drawbacks with respect
to specificity, toxicity and blood brain barrier (BBB) penetration.
(Ben-Shachar et al., 1991; Arbiser et al., 1998; Zecca et al., 2004).
N,N�-bis (2-hydroxybenzyl) ethylenediamine-N,N�-diacetic acid
(HBED) is a synthetic lipophilic cell-permeable chelator which
has been shown to eliminate twice the iron on an equimolar basis
in comparison with DFO and has been evaluated in non-human
primates and human volunteers (Bergeron et al., 1999, 2002). It is
well absorbed from the gastrointestinal tract and retains activity
as an iron chelator after oral administration in rodents. HBED
has successfully completed preclinical evaluation in animals
without evidence of adverse effects (Brittenham, 2003). Impor-
tantly, HBED has been shown to protect mitochondrial targets
and chelate iron therein (Kalivendi et al., 2003).

High iron concentrations predominate in brain regions such
as the substantia nigra and the hippocampal CA3 region (Hill and
Switzer, 1984). Recent findings suggest that impairment of mito-
chondrial function occurs in both human and experimental epi-
lepsy (Kudin et al., 2002; Liang and Patel, 2004b). Acute seizure
activity results in increased production of reactive species, oxida-
tive damage to cellular targets, impaired mitochondrial redox
status, mitochondrial dysfunction and apoptosis (Cock, 2002;
Patel, 2004; Henshall and Simon, 2005). Work from our labora-
tory demonstrates that mitochondria are the major cellular site of
oxidative stress generation after acute SE (Liang et al., 2000; Liang
and Patel, 2004b, 2006; Patel et al., 2008). Although the epilepto-
genic role of exogenous iron salts or blood has been recognized
for decades (Willmore et al., 1978; Hammond et al., 1980), the
role of intracellular iron in mediating seizure-induced brain
damage remains unknown. Therefore, we determined whether
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SE results in the accumulation of mitochondrial chelatable iron,
and whether chelation of iron by HBED protects against SE-
induced mitochondrial dysfunction and neuronal injury.

Materials and Methods
Animals. Animal studies were performed in accordance with the Na-
tional Institute of Health Guide for the Care and Use of Laboratory
Animals (NIH Publications No. 80-23). All procedures were approved by
the Institute Animal Care and Use Committee (IACUC) of the University
of Colorado at Denver and Health Sciences Center (UCDHSC), which is
fully accredited by the American Association for the Accreditation of
Laboratory Animal Care.

Kainic acid (KA) and N,N�-bis (2-hydroxybenzyl) ethylenediamine-
N,N�-diacetic acid (HBED) administration. Adult male Sprague Dawley
rats (�3 months of age, weighing �300 –350 g) were injected subcuta-
neously (s.c.) with a single dose (12 mg/kg) of KA (Ocean Products
International) dissolved in sterilized saline. HBED (Strem Chemicals)
was injected at the dose of 75 �mol/kg, s.c. daily three times before KA
and once after KA for a total of four injections. HBED was dissolved in
dimethyl sulfoxide (DMSO) and diluted with sterilized phosphate buff-
ered saline (PBS) to achieve the desired final concentration (1% DMSO).
The animals were divided into four different groups: (1) control; (2)
HBED; (3) KA; (4) KA�HBED. The severity of behavioral seizures was
evaluated for 8 h after KA by a scale previously described (Ben-Ari et al.,
1981; Baran et al., 1987; Liang et al., 2000): 0, normal; 1, immobilization,
occasional “wet-dog shakes”; 2, head nodding, unilateral forelimb clo-
nus, frequent “wet dog shakes”; 3, rearing, salivation, bilateral forelimb
clonus; 4, generalized limbic seizures with falling, running and salivation;
5, continuous generalized seizures with tonic limbic extension, death.
Behavioral seizure latency was calculated from the time (min) of injec-
tion of KA to the first episode of “wet dog shakes.” The animals devel-
oped generalized tonic-clonic convulsions with frequent rearing and fall-
ing which was rated 3– 4 on the severity of behavioral seizures. The
behavioral seizures started �90 –120 min and peaked during the third
and fourth hours after injection of KA. The seizures usually persisted for
5– 6 h and gradually ceased. The time from the beginning to cessation of
generalized behavioral seizures was recorded individually as the approx-
imate duration of status epileptics.

Isolation of subcellular hippocampal fractions. Mitochondria were iso-
lated from pooled hippocampi of individual rats according to the
method previously described (Liang and Patel, 2006). The hippocampus
was homogenized with a Dounce tissue grinder in mitochondrial isola-
tion buffer (70 mM sucrose, 210 mM mannitol, 5 mM Tris HCl, 1 mM

EDTA; pH 7.4. with the exception of isolation buffer for measurement of
chelatable iron which did not contain EDTA.) The suspensions centri-
fuged at 800 � g 4°C for 10 min. The supernatants were centrifuged at
13,000 � g 4°C for 10 min, pellets washed with mitochondrial isolation
buffer and centrifuged at 13,000 � g 4°C for 10 min to obtain mitochon-
drial fractions. The purity of mitochondrial fractions has been confined
by immunoblot analysis of cytochrome c oxidase (COX) (EC1.9.3.1)
subunit IV and lactate dehydrogenase (LDH) (EC 1.1.1.27) in mitochon-
drial and cytosolic fractions (Liang and Patel, 2006).

Intracellular total iron quantified by colorimetric ferrozine assay. Total
brain iron levels were assayed by a method previously descried (Riemer et
al., 2004). Briefly, rat brains were sonicated in 50 mM NaOH (10% w/v).
Brain homogenates (100 �l) placed in Eppendorf tubes were mixed with
100 �l of HCl (10 mM) and 100 �l of the iron-releasing reagent which
contained a freshly mixed solution of equal volumes of 1.4 M HCl and
4.5% (w/v) KMnO4 in H2O. The mixture was incubated for 2 h at 60°C.
Previous reports have shown that the HCl/KMnO4 pretreatment is suf-
ficient to release iron quantitatively from proteins, including the iron-
storage protein ferritin (May and Fish, 1978). Mixtures were cooled to
room temperature, 30 �l of iron-detection reagent added to each tube
and further incubated for 30 min at 37°C. An aliquot of the solution (300
�l) from each tube was placed into a well of a 96-well plate and the
absorbance read at 550 nm on a UV microplate reader. The iron content
of the sample was calculated by comparing its absorbance to that of a
range of standard concentrations of equal volume that had been prepared

in a manner similar to that of the sample at concentrations of iron rang-
ing from 12.5–200 ng/100 �l.

Measurement of chelatable iron by the bleomycin method. Chelatable
iron was measured in subcellular fractions as previously described (Liang
and Patel, 2004a) developed with minor modifications from a method
described by Evans and Halliwell (Evans and Halliwell, 1994; Burkitt et
al., 2001). All reagents were treated with Chelex 100 Resin (0.3 g/10 ml) to
remove contaminating iron. The samples were incubated in a 1 ml vol-
ume of reagents (1 mg/ml calf thymus DNA, 1.5U/ml bleomycin, 5 mM

MgCl2, 100 mM Tris-HCl pH 7.4, 1 mM ascorbate and 50 �l sample) for
1 h in a shaking water bath at 37°C. The reaction was stopped by addition
of 0.1 ml of 60 mM butylated hydroxytoluene (BHT). The sample was
mixed with 0.2 M phosphoric acid, 0.11 M thiobarbituric acid (TBA), the
chromagen extracted and absorption of the organic layer read at 532 nm.
Iron concentrations were determined in samples by using a series of
standard iron concentrations (1–100 ng/ml).

Rhodamine B-[(1,10-phenanthrolin-5-yl) aminocarbonyl]benzyl ester
(RPA) fluorescence analysis. Measurement of iron by RPA (Squarix Bio-
technology) staining was performed by methods previously described by
Petrat et al. (2002a) with minor modifications. Briefly, frozen coronal
brain sections were air dried for 30 min at room temperature, incubated
with RPA (3 �M in phosphate buffered saline; PBS) for 30 min at 37°C,
followed by additional 10 min incubation in PBS. The sections were
further dried for 30 min at room temperature, cleared by immersion in
xylene and coverslipped with DPX (a nonaqueous nonfluorescent plastic
mounting medium for histology, Fluka). The images were captured using
a Nikon Optiphot-2 80i microscope equipped with epifluorescense op-
tics. RPA fluorescence of a given area was automated and estimated with
Image J (National Institutes of Health, Bethesda, MD), an open source
image manipulation tool, in three sections, 100 �m apart in the hip-
pocampal CA1, CA3 and hilus subfields from both hemispheres of each
animal. The average relative fluorescence density was expressed as a per-
centage of control values.

Measurement of HBED levels. HBED was measured by HPLC with UV
detection. The whole hippocampus or mitochondrial fractions from the
hippocampus were sonicated in 100% methanol. The homogenates were
incubated at room temperature for 10 min to extract HBED, added to an
equal volume of 0.1 M perchloric acid and centrifuged at 13,000� g at 4°C for
15 min to precipitate protein. Aliquots (50 �l) of the supernatant were in-
jected into HPLC. HBED was analyzed with UV detector at 221 nm and a 3
�m, 150�4.6 mm YMC Basic column (Waters Corporation). Mobile phase
was composed of 25 mM sodium acetate, 30% acetonitrile adjusted to pH 3.0
with trifluoroacetic acid and flow rate was set at 0.7 ml/min.

HPLC measurement of 8-hydroxy-2-deoxyguanosine (8-OHdG) and
2-deoxyguanosine (2-dG). DNA isolation procedure was performed with
3 times chloroform/isoamyl alcohol extraction (24:1, v/v) as described
previously (Liang et al., 2000). DNA digestion was performed as de-
scribed previously (Kasai et al., 1986). The oxidative DNA adduct,
8-OHdG was measured with HPLC equipped with electrochemical and

Figure 1. The levels of chelatable iron in hippocampal cytosolic and mitochondrial fractions
of rats at varying time points after KA administration. Bars represent the mean � SEM, *p �
0.01 vs saline control; one-way ANOVA, n � 6 rats per group.
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UV detection following the methods described
before (Shigenaga et al., 1990; Liang et al.,
2000). Electrochemical detector potentials for
8-OHdG analyses were 120/230/280/420/600/
750 mV (vs Pd). The wavelength for UV detec-
tion of 2-dG was set at 260 nm. The samples
were separated on a 3 �m, 150�4.6 mm YMC
Basic column (Waters Corporation). The mo-
bile phase was composed of 50 mM sodium ac-
etate, 5% methanol; pH 5.2 and flow rate was
1.0 ml/min.

Measurement of reduced and oxidized gluta-
thione (GSH and GSSG). GSH and GSSG were
measured by HPLC equipped with electro-
chemical detection (HPLC-EC) as described
previously (Lakritz et al., 1997; Liang and Patel,
2006). Electrochemical detector potentials were
120/355/480/560/700/820 mV (vs Pd).

mtDNA damage analysis. Genomic DNA was extracted using a com-
mercially available Qiagen DNeasy Tissue kit. The quantitative polymer-
ase chain reaction (QPCR) assay measures the average oxidative lesion
frequency and works on the premise that an oxidative lesion on the DNA
template will block a thermostable polymerase and result in reduced
amplification of the mtDNA fragment. Therefore, only those DNA tem-
plates that do not contain polymerase blocking lesions will be amplified.
The DNA damage was quantified by comparing the relative efficiency of
the amplification of a 13.4kb mtDNA gene fragment. mtDNA lesion
frequencies were calculated as the amplification of damaged (treated)
samples (Ad) relative to the amplification of nondamaged small fragment
controls (A0) resulting in the ratio (Ad/A0). To determine average lesion
frequency per 10kb, a random distribution of lesions was assumed, and
the following equation was used, � � �ln Ad/A0(0.7). PCR conditions
used in this study were based on previously reported sequences for
mtDNA primers and normalized to lesions per 10kb, with minor modi-
fications (Yakes and Van Houten, 1997; Ayala-Torres et al., 2000). The
primer sequences were as follows for the rat mitochondrial genome 5�
CCT CCC ATT CAT TAT CGC CGC CCT TGC 3� and 5� GAT GGG
GCC GGT AGG TCG ATA AAG GAG 3�. QPCR was performed on a
DNA Engine thermal cycler. The intensity of the PCR product bands was
quantified with Scion Image analysis software (Version Beta 4.0.2).

Fluoro-Jade B analysis. Rats were killed 7 d after KA administration and
frozen sections (15 �m) were cut coronally and stained with Fluoro-Jade
B (Histo-Chem) as described in the literature (Hopkins et al., 2000) and
instructions provided by the company. Briefly, the sections were dried at
50°C for 30 min and immersed in a solution containing 1% sodium
hydroxide in 80% alcohol for 5 min. This was followed by 2 min incuba-
tion in 70% alcohol and 2 min in distilled water. The sections were
transferred to a solution of 0.06% potassium permanganate for 10 min
and rinsed in distilled water for 2 min. The staining solution was pre-
pared from a 0.004% Fluoro-Jade B in 0.1% acetic acid vehicle. The
solution was typically prepared within 10 min of use and was not reused.
After incubating for 15 min in the staining solution, the sections were
rinsed for 1 min in each of three distilled water washes and dried. The dry
sections were cleared by immersion in xylene for at least a minute before
coverslipping with DPX. Images were captured using a Nikon
Optiphot-2 80i microscope equipped with epifluorescense optics. The
Fluoro-Jade B positive signal of a given area was measured with Image J
software as described in RPA fluorescence quantification. The average of the
fluorescent relative density was expressed as percentage of the control.

Statistical analyses. For comparison among three or more treatment
groups, one-way ANOVA with Tukey’s post hoc test was used. p values
�0.05 were considered significant.

Results
SE increases mitochondrial chelatable iron
To determine whether SE resulted in subcellular iron accumu-
lation, we measured chelatable iron in cytosolic and mito-
chondrial fractions from hippocampus of rats injected with
KA. Chelatable iron was measured by the bleomycin assay

which has been routinely used as a sensitive and reliable means
of measuring free iron in whole blood (Ando et al., 2002),
plasma (Burkitt et al., 2001) and tissue samples (Sohal et al.,
1999; Andreassen et al., 2001; Kirk et al., 2001). In control rats,
the average concentration of chelatable iron in the cytosolic
and mitochondrial fractions of the hippocampus was �15 �M

which is comparable to previous literature reports of chelat-
able iron concentrations in mitochondrial and cytosolic
fractions of hepatocytes (Petrat et al., 2001, 2002b). KA ad-
ministration resulted in a time-dependent increase in mito-
chondrial iron (180 and 160% 24 and 48 h after KA injection,
respectively) compared with control rats returning to normal
values by 7 d. No significant change in chelatable iron was
observed in hippocampal cytosolic fractions of rats after KA
administration (Fig. 1).

HBED penetrates the BBB and mitochondria
Before evaluating its neuroprotective effects, we determined
the brain bioavailability of HBED after systemic administra-
tion. We measured HBED concentrations in the forebrain and
mitochondrial fractions isolated from the hippocampi of rats
at different time points after a single injection (75 �mol/kg,
s.c). HBED levels were detected 1 h after administration,
peaked at 3 h and remained stable for at least 6 h. Both tissue
and mitochondrial levels remained �25% of initial values at
the 24 h time-point after injection (Fig. 2 A). These results
suggest that HBED penetrates the BBB and is accessible to
hippocampal mitochondria. HBED has been successfully
tested in an animal model of iron-overload, which revealed
that multiple injections of 75 �mol/kg was an effective dose
for iron elimination with minimal side-effects (Bergeron et al.,

Figure 2. A, The concentration of HBED in forebrain tissue (left axis) and forebrain mitochondrial fractions (right axis) of rats at
different times points after a single dose of HBED (75 �mol/kg, s.c.). B, Levels of total iron in forebrain tissue of rats at varying
time-points after daily HBED (75 �mol/kg) administration. Points or bars represent mean � SEM. *p � 0.05 vs saline controls,
one-way ANOVA. Each point or bar is the average of 3– 6 animals.

Figure 3. Behavioral seizure severity in rats after injection with KA alone or KA �HBED. n � 12.
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1999, 2002). To confirm the dose of HBED effective in brain
iron elimination, the total iron levels in the rat hippocampus
were measured with varying doses of HBED. Total iron levels
measured by the ferrozine method in the hippocampus were
decreased �30% after 4 or 5 daily injections with 75 �mol/kg.
Increasing the injection frequency to 7 resulted in a �38%
reduction of iron content compared with control animals (Fig.
2 B) but retarded weight gain. Previous studies have demon-
strated that a decrease in total iron of 30% by clioquinol treatment
significantly protects against MPTP toxicity (Kaur et al., 2003).
This concentration is within the nontoxic range (Yassin et al.,
2000) minimally affects most brain biochemical and neurotrans-
mitter metabolism pathways (Youdim and Green, 1978; Youdim
et al., 1989). The dose of HBED of 75 �mol/kg was further opti-
mized based on a dose–response study using chelatable iron
changes in the mitochondria as an endpoint.

HBED administration does not alter
KA-induced behavioral seizure indices
To determine whether the HBED treatment
protocol influenced KA-induced behavioral
seizures, we evaluated seizure scores, latency
to wet dog shakes and duration of SE. No
significant differences were observed in be-
havioral seizure intensity (Fig. 3), seizure la-
tency time (44.0 � 3.4 and 45.3 � 3.2 min
for KA and KA�HBED, respectively; n � 12
rats per group) and seizure duration
(384.2 � 15.4 and 388.3 � 16.1 min for KA
and KA�HBED, respectively; n � 12 rats
per group). The percentage of animals that
received KA or KA�HBED treatment that
did not go on to exhibit a stage 3 or 4 seizure
and were thus eliminated from the study was
3.4% (2 of 59 rats) and 3.3% (2 of 60 rats),
respectively. Mortality from KA alone and
KA�HBED was 5.1% (3 of 59 rats) and
6.7% (4 of 60 rats), respectively. No signifi-
cant differences in mortality rate were ob-
served between KA and KA�HBED groups.

HBED inhibits seizure-induced
chelatable mitochondrial iron changes
Next, we assessed the effect of different

doses of HBED on KA-induced increases in mitochondrial che-
latable iron 24 h after KA injection in the four treatment groups.
HBED doses of 75 and 150 �mol/kg, but not 37.5 �mol/kg, for a
total 4 injections significantly decreased KA-induced changes in
chelatable iron in the hippocampal mitochondrial fractions (Fig.
4A). Based on the bioavailability parameters and the ability to
decrease total as well as chelatable iron, subsequent studies were
conducted with the daily HBED dose of 75 �mol/kg for 4 d. The
effects of HBED on SE-induced iron chelation were further ver-
ified using the RPA fluorescence method. RPA fluorescence
quenching has been shown to be a selective indicator of intrami-
tochondrial chelatable iron in both tissue and cells (Petrat et al.,
2002a). HBED treatment significantly attenuated the KA-
induced increase in mitochondrial chelatable iron detected by
RPA fluorescence quenching (Fig. 4B,C). Analysis of RPA fluo-
rescence density revealed that HBED treatment most promi-
nently attenuated the increase in chelatable iron in the hip-
pocampal CA3 region but also in the CA1 and dentate hilus (data
not shown).

HBED protects against SE-induced
mitochondrial dysfunction
To determine whether mitochondrial iron chelation by HBED
was sufficient to preserve mitochondrial targets after KA treat-
ment, we analyzed the integrity of mtDNA using a sensitive
QPCR assay specific to the mitochondrial genome. KA-induced
SE generated an approximate fivefold increase in mtDNA dam-
age in the hippocampus compared with the control group at the
24 h time point. SE-induced mtDNA damage was significantly
attenuated by HBED (Fig. 5).

HBED inhibits SE-induced mitochondrial oxidative stress
To further determine the deleterious role of mitochondrial iron
in SE-induced injury, we measured two additional indices of mi-
tochondrial oxidative stress, the GSH, GSSG and 8-OHdG/2dG
ratios. Twenty four hours after KA injection, hippocampal mito-

Figure 4. A, B, The levels of chelatable iron in mitochondrial fractions measured by the bleomycin method (A) or by RPA
fluorescence (B) in the hippocampus of rats 24 h after saline, HBED, KA or KA�HBED. Bars represent mean � SEM, *p � 0.01 vs
saline controls; #p � 0.05 vs KA alone; one-way ANOVA, n � 6 rats per group. C, Representative RPA staining images (A, Control;
B, HBED; C, KA; D, KA�HBED) in CA3 of hippocampus of rats at 24 h after treatment.

Figure 5. Representative QPCR images (top) and quantitative analysis (bottom graphs) of
mtDNA lesions in hippocampal mitochondria of rats 24 h after saline, HBED, KA or KA�HBED.
The graph represents the number of DNA lesions per 10 kb in the mitochondrial genome. Bars
represent mean � SEM, *p � 0.01 vs saline controls; #p � 0.05 vs KA alone; one-way ANOVA,
n � 6 –12 rats per group.
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chondrial GSH levels were depleted �40%
(Fig. 6A); whereas the corresponding lev-
els of GSSG were significant increased
�240% compared with controls (Fig. 6B).
The changes in both GSH and GSSG were
significantly restored by HBED (Fig.
6A,B). The level of DNA oxidation mea-
sured by the ratios of 8-OHdG/2dG, was
enhanced 	3-fold by KA-induced SE and
attenuated �50% by HBED in the hip-
pocampal mitochondrial fractions (Fig.
6C).

HBED protects against SE-induced neuronal degeneration
Finally, we evaluated the neuroprotective effects of HBED by
Fluoro-Jade B fluorescence, a sensitive marker assessing degen-
eration of neuronal cell bodies, dendrites, axons, or terminals
(Hopkins et al., 2000). Previous reports in the literature have
demonstrated that Fluoro-Jade B is a more sensitive, reliable and
definitive marker of neuronal degeneration than silver staining
techniques (Schmued et al., 1997; Schmued and Hopkins, 2000).
No significant Fluoro-Jade B staining indicative of degeneration
was observed in any brain region of control animals. However,
significant staining (degeneration) was observed in the cell bodies
and terminals in the hippocampal CA1, CA3 and hilar regions
but not granule cell layer of rats injected with KA beginning �48
h (data not shown) and peaking at �7 d after injection consistent
with previous reports (Schmued et al., 1997; Hopkins et al.,
2000). The representative images of Fluoro-Jade B staining of
hippocampal CA1, CA3 and hilus of control, KA and KA�HBED
groups 7 d after injection are shown in Figure 7A. The percentage
of relative fluorescence density quantified by Image J was in-
creased �190, �240 and �265% in the CA1, CA3 and hilus,
respectively in the KA vs control groups. Significant protection of
neuronal degeneration was observed in the KA�HBED group
compared with KA alone (Fig. 7B) indicating a neuroprotective
effect of HBED.

Discussion
Three major findings arise from these studies. First, using bio-
chemical and fluorescence approaches, we show that KA-induced
SE results in a selective accumulation of mitochondrial chelatable
iron, an important free radical catalyst. Second, administration of
BBB permeable iron chelator, HBED, ameliorates SE-induced
accumulation of chelatable iron, mitochondrial oxidative stress
and mtDNA damage. Finally, HBED significantly attenuates SE-
induced hippocampal neuronal damage. Collectively, these data
suggest a deleterious role of mitochondrial free iron in SE-
induced excitotoxicity.

This is the first study to our knowledge demonstrating SE-
induced increase in mitochondrial free iron. We used two inde-
pendent methods, a biochemical method (the bleomycin assay)
and a histochemical method (RPA fluorescence assay) to validate
the results. Changes in mitochondrial chelatable iron levels using
RPA fluorescence quenching have been well defined in cell cul-
ture models (Petrat et al., 2002a,b). However, its application to in
vivo models has been limited (Rauen et al., 2007). Although RPA
fluorescence analysis corroborated the changes in iron observed
by the bleomycin assay, it is difficult to rule out the role of dying
cells in the fluorescence quenching by RPA in our studies. Con-
sistent with our previous results in which seizure-induced oxida-
tive stress occurred predominantly in the mitochondrial com-
partment (Liang et al., 2000; Liang and Patel, 2006; Jarrett et al.,

2008), here we show that compared with the cytosol, mitochon-
dria are the main site of chelatable iron accumulation. Further-
more, the time course of mitochondrial iron accumulation closely
paralleled the occurrence of oxidative stress we have observed previ-
ously. In previous studies, we observed peak changes in mitochon-
drial oxidative stress indices �18–24 h after a single injection of KA
(Liang et al., 2000; Liang and Patel, 2006; Patel et al., 2008) and a
return to baseline levels 7 d thereafter (Jarrett et al., 2008).

An important source of mitochondrial iron is the labile iron-
sulfur center of enzymes such as aconitase. We have previously
shown that mitochondrial aconitase inactivation and consequent
iron release plays an important role in the neurotoxicity of the par-
kinsonian toxin, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
(MPTP) (Liang and Patel, 2004a). Because the time course of SE-
induced mitochondrial aconitase inactivation reported previously
from our laboratory (Liang et al., 2000; Jarrett et al., 2008) and iron
accumulation match closely, it is tempting to attribute SE-induced
iron accumulation at least in part to inactivation of iron-sulfur pro-
teins such as aconitase. Finally, the time course of the iron accumu-
lation observed here preceded overt neuronal death suggesting a
pathogenic role of mitochondrial iron in SE-induced neuronal death
which was evident �2 d after KA and maximal after 7 d.

Mitochondria are recognized to play a crucial role in iron
homeostasis (Foury and Talibi, 2001) which includes the synthe-
sis of iron-sulfur clusters (Beinert et al., 1997) and heme (Ryter
and Tyrrell, 2000). Histochemical Perl’s staining of the hip-
pocampus for iron deposits has revealed increased Fe 3� and Fe 2�

deposits 7 d and 1 month, respectively, after intrahippocampal
KA injection (Wang et al., 2002). However, two important differ-
ences suggest that iron changes detected in our study most likely
represent a pool distinct from that revealed by Perl’s staining.
First, SE-induced mitochondrial iron accumulation we observed
occurred at a much earlier time point (1–2 d) and returned to
normal 7 d after KA injection when the Perl’s staining began to
emerge. Second, we have previously identified two distinct non-
overlapping pools of iron by the bleomycin method and Perl’s
staining in the MPTP mouse model (Liang and Patel, 2004a).
This suggests that the methods used here detect a different source
of iron from that detected by Perl’s histochemical staining.

We conducted a comprehensive analysis of the neuroprotec-
tive effects of HBED in this study. Measurement of HBED in
forebrain tissue and hippocampal mitochondria confirmed its
BBB penetration and access to the mitochondrial compartment.
Moreover, both tissue and mitochondrial HBED levels remained
�25% of the peak values until 24 h after injection suggesting a
relatively long brain half-life. The estimated concentrations of
�10 �M in forebrain tissue is in agreement with the concentra-
tions that are neuroprotective against MPP� in cultured cells
(Kalivendi et al., 2003). Furthermore, HBED’s inability to influ-
ence behavioral seizure parameters produced by KA suggests that

Figure 6. A–C, GSH (A) and GSSG (B) 8OHdG/2dG ratios, a measure of DNA oxidation (C) in hippocampal mitochondrial
fractions of rats 24 h after saline, HBED, KA or KA�HBED. Bars represent mean � SEM, *p � 0.01 vs saline controls; #p � 0.05 vs
KA alone; one-way ANOVA, n � 6 rats per group.
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its mechanism of neuroprotection is not related to interference
with acute seizure initiation. To effectively evaluate the pharma-
cological effects of HBED, we determined its effects on mito-
chondrial iron, its primary target, mitochondrial oxidative stress
which may be a cause and/or consequence of the iron, a down-
stream target of oxidative stress (mtDNA integrity) and neuronal
injury. The ability of systemically administered HBED to signifi-
cantly attenuate mitochondrial iron changes assessed by two in-
dependent methods is consistent with and confirms its estab-
lished role as a mitochondrial iron chelator (Samuni et al., 2001;
Kalivendi et al., 2003). The finding that HBED inhibits SE-
induced mitochondrial oxidative stress (8-OHdG/2dG and GSH/
GSSG) by �50% suggests that the iron released by SE is a catalyst
for further free radical production in the mitochondrial compart-
ment and a good target for pharmacological intervention. Pro-
tection of an important mitochondrial target (mtDNA) and
neuronal integrity suggests that chelation of deleterious mito-
chondrial iron is a contributing factor to SE-induced mitochon-
drial dysfunction and neuronal demise. The mitochondrial ge-
nome is a particularly vulnerable target for ROS-induced damage
and has been implicated as a major factor in the occurrence of
epileptic seizures (Liang et al., 2000; Liang and Patel, 2004b, 2006;
Patel et al., 2008). The mitochondrial genome encodes compo-
nents of the electron transport chain and is required for ATP
synthesis and maintenance of neuronal excitability. It is plausible
that the accumulation of oxidative mtDNA lesions and resultant

mtDNA mutations over time may render
the brain more susceptible to subsequent
epileptic seizures, especially during the ag-
ing process. Thus, HBED-induced seques-
tration of mitochondrial redox active
metal ions may reduce Fenton chemistry,
diminish ROS production and maintain
genomic stability promoting regular func-
tioning of the mitochondrion and preven-
tion of neuronal excitability. Although in
cell-free studies high concentrations of
HBED have been shown to possess
H-donating antioxidant activity (Samuni
et al., 2001), under the conditions of our in
vivo study, chelation of mitochondrial
iron may be the predominant mechanism
of neuroprotection. However, a direct an-
tioxidant action of HBED cannot be ruled
out.

Although significant progress has been
made in development of new anti-
epileptic drugs (AEDs) during the last de-
cade, approximately one third of patients
develop resistance to the currently avail-
able AEDs. Neuroprotective therapies that
ameliorate the deleterious consequences
of SE may be useful in the management of
SE and perhaps even subsequent develop-
ment of epilepsy. Although therapeutic
application of HBED would be better jus-
tified if animals had been post-treated with
the drug rather than pretreated, it is
tempting to speculate that pharmacologi-
cal chelation of mitochondrial iron may
represent an important therapy of the fu-
ture. Finally, whether elevation of subcel-
lular iron contributes to epileptogenicity

in a similar manner as exogenously applied iron salts (Willmore
et al., 1978) remains to be determined.
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