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Abstract – The present study was carried out to elucidate the effect of a single episode of oxidative
stress on pyramidal neurons of the rat hippocampus. A significant increase in the number of neurons
that were immunolabeled for the toxic lipid peroxidation product, 4-hydroxynonenal (HNE) was
observed in field CA3 of the hippocampus, at 1 day, 7 days and 14 days after intracerebroventricular
injection of 1 µL of 5mM ferrous ammonium citrate, compared to ammonium citrate injected controls
at these time points. The number of HNE positive cells was fewer at 14 days, compared to 1 day,
after ferrous ammonium citrate injection. The changes in HNE imunoreactivity were paralleled by
changes in cytoplasmic phospholipase A2 (cPLA2) labeling in the pyramidal neurons in adjacent
sections, suggesting that some of the HNE could have arisen as a result of peroxidation of arachidonic
acid that was released by cPLA2. Interestingly, despite the HNE and cPLA2 labeling, no loss of
neurons was observed in adjacent Nissl and Fluoro-Jade stained sections. Electron microscopy also
showed that the HNE or cPLA2 labeled cells had features of injured neurons, rather than necrotic
neurons. The reduction of HNE immunoreactivity in neurons at 14 days after oxidative injury, and
the absence of cell loss at any of the time intervals, shows that hippocampal pyramidal neurons have
remarkable ability to recover from a single episode of oxidative stress, if repeated injury such as
seizures / excitotoxicity could be avoided.

iron / neurodegeneration / 4-hydroxynonenal / cytosolic phospholipase A2 / lipid
peroxidation / antioxidant defenses 

Abbreviations: AP-1: activator protein-1; CA: cornu ammonis; cPLA2: cytosolic phospholipase A2;
DAB: 3,3’-diaminobenzidine tetrahydrochloride; HNE: 4-hydroxynonenal; NF-κB: nuclear factor-
kappa B; N-TBS: nickle-tris-buffered saline; PBS: phosphate-buffered saline; PUFA: polyunsatu-
rated fatty acids; ROS: reactive oxygen species.
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1. INTRODUCTION

Cellular redox is maintained by a bal-
ance between the production of reactive
oxygen species (ROS) and their destruction
by the cellular antioxidant systems [1].
Brain tissue is particularly vulnerable to
oxidative stress not only due to its high oxi-
dative metabolism and high concentrations
of polyunsaturated fatty acids (PUFA), but
also due to low levels of catalase and glu-
tathione, and limited amounts of superox-
ide dismutase and chemical oxidants [2]. 

In neural membrane phospholipids, PUFA,
particularly arachidonic acid, are located at
the sn-2 position of glycerol moiety and is
released by the action of phospholipase A2
(PLA2) [3]. Arachidonic acid could be
metabolized to prostaglandins [4]. In addi-
tion, arachidonic acid could undergo lipid
peroxidation to generate breakdown prod-
ucts such as 4-hydroxynonenal (HNE) [5].
The latter is a highly reactive aldehyde that
impairs the activity of key metabolic enzymes
and transporters including sodium, potas-
sium-ATPase, glucose-phosphate dehydro-
genase, the glutamate transporter in astrocytes
and glucose transporter [6–8]. HNE also
impairs the permeability of in vitro prepa-
rations of the blood-brain-barrier [9]. The
levels of HNE are markedly increased in
brain and cerebrospinal fluid of patients
with neurodegenerative diseases such as
Alzheimer disease, Parkinson disease,
Huntington disease, and amyotrophic lat-
eral sclerosis [10, 11].

The highest levels of stainable iron in the
brain are found in the motor system, with
the globus pallidus, substantia nigra pars
reticulata, red nucleus and the putamen show-
ing the greatest staining reactivity [12]. Many
studies have indicated that iron-induced
ROS generation is an important mechanism
in producing chronic oxidative stress in
neuronal cultures and in brain tissue [13,
14], and a disruption of brain iron homeos-
tasis causing chronic iron accumulation is
thought to be associated with oxidative
stress in several neurodegenerative dis-

eases and their animal models [15–17]. In
contrast, acute neural trauma such as head
injury and spinal cord injury may cause sud-
den increase in iron levels, producing
severe oxidative stress in the injured brain.
The purpose of our investigation was to
study the effect of severe acute oxidative
stress on neurons in the hippocampus. This
was carried out by a single in vivo injection
of ferrous ammonium citrate in the rat cer-
ebral ventricle. The model allows us to
study the effects of oxidative stress that is
free from other factors such as the neuroin-
flammation, which occur during chronic
neurodegeneration [18, 19]. Cellular injury
was monitored using immunocytochemis-
try to HNE, a marker for lipid peroxidation,
and cPLA2, as well as cell counts in Nissl
stained sections, and analyses of Fluro-Jade
labeled sections.

2. MATERIALS AND METHODS

2.1. Animals

Twenty-six male Wistar rats, each weigh-
ing approximately 200 g, were purchased
from the Laboratory Animals Centre, Sin-
gapore. Animals were maintained on a
12 h:12 h light:dark cycle and supplied with
standard rat food pellets and water ad libi-
tum. All procedures involving animals
were in accordance with guidelines of the
local Animal Care and Use Committee.

2.2. Substances injected

Ferrous ammonium sulphate, citric acid
and ammonium citrate (all purchased from
Sigma, St. Louis, USA) were all dissolved
in sterile distilled water and the pH adjusted
to 7.4 with NaOH and HCl, on the day of
injection. A concentration of 5 mM ferrous
ammonium citrate was freshly prepared
prior to each injection, by mixing 1:1 vol-
ume of 10 mM ferrous ammonium sulfate
and 10 mM citric acid. Ferrous citrate is a
potent generator of hydroxyl radicals [20,
21]. A 5 mM concentration of ammonium
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citrate was used to control for any addi-
tional vehicle effects associated with the
ferrous iron solution.

2.3. Intracerebroventricular injection 
and perfusion

Rats were anaesthetized by intraperito-
neal injection of 1.2 mL of 7% chloral
hydrate, and placed in a stereotaxic head
holder with the cranial vault exposed. A
1.0 µL of 5 mM ferrous ammonium citrate
or ammonium citrate was injected into the
anterior horn of the right lateral ventricle
(coordinates: 1.0 mm caudal to bregma,
1.5 mm lateral to the midline, 4.5 mm from
the surface of the cortex) using a microlitre
syringe. The needle was withdrawn 10 min
later, and the scalp sutured. Twelve rats
were injected with ferrous ammonium cit-
rate, while the remaining fourteen were
injected with ammonium citrate as experi-
mental controls. There was no mechanical
damage to the hippocampus during the above
procedures, since the needle did not contact
this tissue. No seizures were observed after
the ferrous ammonium citrate or ammo-
nium citrate injection.

The ferrous ammonium citrate injected
and ammonium citrate (control) injected
rats were sacrificed at 1, 7 and 14 days after
injection (4 experimental and 4 control rats
at each time interval). They were deeply
anaesthetized by intraperitoneal injection
of 1.4 mL of 7% chloral hydrate and per-
fused through the left cardiac ventricle with
Ringer's solution followed by a solution of
4% paraformaldehyde in 0.1 M phosphate
buffer (pH 7.4). The brains were removed,
and post-fixed in the same fixative over-
night at 4 °C. Blocks containing the entire
rostrocaudal extent of the hippocampus
were sectioned coronally at 100 µm thick-
ness using an vibrating microtome. The free
floating sections were divided into four
sets, for immunocytochemical staining for
HNE or cPLA2, and histochemical staining
to detect degenerating neurons using the

cresyl fast violet (Nissl) technique or Fluoro-
Jade staining.

2.4. Immunocytochemical staining

Sections intended for immunocytochem-
istry were washed for 3 h in phosphate-buff-
ered saline (PBS, pH 7.4) to remove traces
of fixative, and immersed for 1 h in a solu-
tion of 2% defatted dry (skimmed) milk in
PBS (PBS-milk) to block non-specific
binding of antibodies. They were then incu-
bated overnight with monoclonal antibod-
ies to HNE modified proteins (1:200 dilution)
or cPLA2 (Santa Cruz Biotechnology, Santa
Cruz, USA, 1:200 dilution). The monoclonal
antibody to HNE (HNE Ig4H7) was a kind
gift from Dr G. Waeg, and its properties
have been described previously [22]. The
epitope recognized by this clone is HNE
bound to histidine, and this epitope has been
recognized on a wide variety of HNE-mod-
ified proteins [22]. The antibody to cPLA2
has been characterized previously, and
shown to be specific to cPLA2 [23]. The
sections were then washed in three changes
of PBS, and incubated for 1 h at room tem-
perature in a 1:200 dilution of biotinylated
horse anti-mouse IgG (Vector, Burlingame,
USA). This was followed by three changes
of PBS to remove unreacted secondary anti-
body. The sections were then reacted for 1 h
at room temperature with an avidin-bioti-
nylated horseradish peroxidase complex,
followed by three changes of PBS. The
reaction was visualized by treatment for
5 min in 0.05% 3,3’-diaminobenzidine tet-
rahydrochloride (DAB) solution in 0.2%
nickel-tris buffered saline (N-TBS) contain-
ing 0.05% hydrogen peroxide. The color
reaction was stopped with several washes
of TBS (pH 7.6). Some sections were
mounted on gelatin-coated glass slides and
lightly counterstained with methyl green
before coverslipping with Permount. The
remaining sections were processed for elec-
tron microscopy. Control sections were
incubated with PBS or pre-immune mouse
serum instead of primary antibody. These
showed absence of immunostaining.
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2.5. Histochemical staining for the 
detection of degenerating neurons

The third set of sections were mounted
on gelatinized slides and stained using the
Nissl technique [24]. The fourth set of sec-
tions were mounted and stained by the
Fluoro-Jade histofluorescent method to
detect degenerating neurons [25]. Sections
were hydrated in 100% ethanol for 3 min,
and 1 min each in 70% ethanol and distilled
water, followed by incubation in 0.06%
potassium permanganate solution for 15 min,
washing in distilled water for 1 min, and
incubation in 0.001% Fluoro-Jade solution
for 30 min in the dark. The reaction was
stopped by three 1 min washes in distilled
water. The sections were then cleared in
three 2 min changes of xylene, and cover-
slipped using Depex water-soluble mount-
ant. The Fluoro-Jade stained sections were
examined and imaged with a Carl Zeiss
LSM 150 confocal microscope.

2.6. Quantification of cells and statistical 
analysis

These were conducted on the right hip-
pocampus (side of the intracerebroventricu-
lar injection) of each rat. A set of three
sections each, from the HNE, cPLA2, or
Nissl stained sections were analyzed. All
slides were coded in order to blind the
observer to the treatment received by the
rats. Images of representative regions, each
measuring 255 m × 190 µm, of field CA3
of the hippocampus (Fig. 1) were acquired
using a Leica Aristoplan microscope fitted
with a video camera. The number of stained
pyramidal neurons were counted on three
each, of the HNE, cPLA2 or Nissl labeled
sections as follows: (1) the sections were
taken from the same region of the hippoc-
ampus – i.e., the HNE stained sections were
adjacent to the cPLA2 or Nissl stained sec-
tions. (2) Only the densely labeled HNE or
cPLA2 labeled pyramidal neurons in the

Figure 1. Low power light micrograph showing the right hippocampus from a control rat. The boxed
area shows the region affected by the ferrous ammonium citrate injections. This area is shown in
further detail in Figures 3–6.
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stratum pyramidale were counted. These
neurons were in sharp contrast, and were
easily distinguished from, the very lightly
labeled pyramidal neurons in the unle-
sioned portions of the hippocampus [25,
26]. The counts were limited to pyramidal
neurons, since preliminary observations
showed that these cells had the greatest
increases in cell numbers that were densely
labeled for HNE and cPLA2 after ferrous
ammonium citrate injection. Although non-
pyramidal neurons in the stratum oriens
were also labeled, they were far fewer com-
pared to the labeled pyramidal neurons.
Likewise, the counts were confined to the
right side (side of the intracerebroventricu-
lar injection) since the left side showed very
few or no labeled cells after injection. 

The mean number of stained cells in three
sections from each animal was expressed as
the number of stained cells/mm2. Possible
significant differences between the means
for the HNE, cPLA2, or Nissl stained cells
at various post-injection time intervals
were analyzed, using 1-way ANOVA with
Bonferroni's multiple comparison post-hoc
test (SPSS 11.5 for Windows Software. P <
0.05 was considered significant). Possible
significant differences between the values
of the ferrous ammonium citrate injected
and ammonium citrate injected (control)
rats were analyzed using the Student's t-test
(P < 0.05 was considered significant).

2.7. Electron microscopy

The remaining HNE or cPLA2 immu-
nostained sections were subdissected into
smaller rectangular portions that included
the immunoreactive pyramidal neurons in
the CA fields, and processed for electron
microscopy using a standard technique
[27]. These were osmicated, dehydrated in
an ascending series of ethanol and acetone,
and embedded in Araldite. Thin sections
were obtained from the first 5 µm of the sec-
tions, mounted on copper grids coated with
Formvar, and stained with lead citrate.
They were viewed using a Philips EM1010
electron microscope.

3. RESULTS

3.1. Light microscopy

3.1.1. HNE immunoreactivity 
(Figs. 2 and 3)

Control rats injected with ammonium cit-
rate showed 238.1 ± 143.7, 18.2 ± 16.0, and
31.0 ± 18.2 HNE immunostained neurons/
mm2 at 1, 7, and 14 days post-injection,
respectively (Fig. 2A). There were only
occasional or no HNE labeled neurons in
many of the sections (Fig. 3A).

Rats injected with ferrous ammonium cit-
rate showed 617.8 ± 159.4, 454.6 ± 188.4,
and 203.0 ± 75.3 HNE immunolabeled neu-
rons/mm2 at 1, 7, and 14 days post-injec-
tion, respectively (Fig. 2A). Dense staining
was observed at 1 day post-injection
(Fig. 3C). Staining intensity decreased at
7 days (Fig. 3E) and 14 days (Fig. 3F) after
injection.

At all three post-injection time intervals,
rats injected with ferrous ammonium citrate
showed significantly increased number of
HNE labeled neurons, compared to rats
injected with ammonium citrate (P < 0.05).

Rats injected with ferrous ammonium cit-
rate showed significantly decreased number
of HNE labeled neurons at 14 days, com-
pared to 1 day post-injection (P < 0.05).

3.1.2. cPLA2 immunoreactivity 
(Figs. 2 and 4)

Control rats injected with ammonium
citrate showed 295.6 ± 128.0, 10.3 ± 2.9,
and 22.8 ± 13.4 cPLA2 immunostained neu-
rons/mm2 at 1, 7, and 14 days post-injec-
tion, respectively (Fig. 2B). There were
light or no cPLA2 labeled neurons in many
of the sections (Fig. 4A).

Rats injected with ferrous ammonium cit-
rate showed 381.8 ± 163.7, 571.1 ± 270.3,
and 192.3 ± 127.1 cPLA2 immunostained
neurons/mm2 at 1, 7, and 14 days post-
injection, respectively (Fig. 2B). The stain-
ing intensity was dense at 1 day (Fig. 4C)
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Figure 2. Histograms showing the number of HNE, cPLA2 or Nissl labeled neurons per mm2 in
the stratum pyramidale of the hippocampus. A: HNE-immunostained cells. At all three post-injec-
tion time intervals, rats injected with ferrous ammonium citrate showed significantly increased num-
ber of immunostained cells, compared to rats injected with ammonium citrate. Rats injected with
ferrous ammonium citrate showed significantly decreased number of cells at 14 days, compared to
1 day post-injection. Control rats showed significantly decreased number of cells at 7 and 14 days,
as compared to 1 day post-injection. B: cPLA2-immunostained cells. Rats injected with ferrous
ammonium citrate showed significantly increased number of cells at 7 days post-injection, compared
to rats injected with ammonium citrate. Rats injected with ammonium citrate showed significantly
decreased number of cells at 7 and 14 days, compared to 1 day post-injection. C: Nissl-stained cells.
There were no statistically significant differences between the mean numbers of cells in rats injected
with either ammonium citrate or ferrous ammonium citrate at all three post-injection time intervals,
indicating no obvious cell death along the row of pyramidal neurons in the CA fields of the hippo-
campus. Abbreviations: AC, FAC, 1D, 7D, 14D indicate ammonium citrate, ferrous ammonium
citrate, 1, 7, and 14 days post-injection. Analyzed by Student’s t-test, and 1-way ANOVA with Bon-
ferroni’s multiple comparison post hoc test. Error bars indicate standard deviation. Asterisks indicate
statistically significant differences (P < 0.05).
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Figure 3. Light micrographs of field CA3 of the hippocampus, immunolabeled with a monoclonal
antibody to HNE. A, B: One week post-ammonium citrate injected rat (control), showing only occa-
sional stained neurons in the stratum pyramidale (arrow) on the side ipsilateral to the intracerebro-
ventricular injection (A, right side) and absence of staining on the contralateral side (B, left side).
C, D: One day post-ferrous ammonium citrate injected rat, showing increased number of densely
stained pyramidal neurons (arrows) on the ipsilateral side (C, right side), and fewer stained neurons
(arrows) on the contralateral side (D, left side). E: The right hippocampus of a 7 day post-ferrous
ammonium citrate injected rat, showing dense staining of pyramidal neurons (arrows). F: The right
hippocampus of a 14 day post-ferrous ammonium citrate injected rat, showing lighter staining of
pyramidal neurons (arrows) compared to earlier time intervals. Scale = 50 µm.
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Figure 4. Light micrographs of field CA3 of the hippocampus, immunolabeled with a monoclonal
antibody to cPLA2. A, B: One week post-ammonium citrate injected rat (control), showing very
little staining in the stratum pyramidale (arrows) on the side ipsilateral to the intracerebroventricular
injection (A, right side) and absence of staining (arrows) on the contralateral side (B, left side). C,
D: One day post-ferrous ammonium citrate injected rat, showing increased number of densely stai-
ned pyramidal neurons (arrows) on the ipsilateral side (C, right side), and fewer stained neurons
(arrow) on the contralateral side (D, left side). E: The right hippocampus of a 7 day post-ferrous
ammonium citrate injected rat, showing dense staining of pyramidal neurons (arrows). F: The right
hippocampus of a 14 day post-ferrous ammonium citrate injected rat, showing lighter staining of
pyramidal neurons (arrows) compared to earlier time intervals. Scale = 50 µm.
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and 7 days (Fig. 4E), but light at 14 days
(Fig. 4F), after injection.

Rats injected with ferrous ammonium cit-
rate showed significantly increased number
of cPLA2 labeled neurons at 7 days post-
injection, compared to rats injected with
ammonium citrate (P < 0.05).

Rats injected with ammonium citrate
showed significantly decreased number of
cPLA2 labeled neurons at 7 and 14 days,
compared to 1 day post-injection (P < 0.05).

3.1.3. Nissl staining and Fluoro-Jade 
labeling (Figs. 2, 5 and 6)

Control rats injected with ammonium
citrate showed 3475.6 ± 532.4, 2825.6 ±
694.2, and 2635.9 ± 474.0 Nissl-stained
cell/mm2 at 1, 7, and 14 days post-injection,
respectively (Fig. 2C). The pyramidal neu-
rons in the hippocampus ipsilateral to the
intracerebroventricular injections showed
similar amounts of Nissl substance, as the
neurons on the contralateral side (Figs. 5A
and 5B).

Rats injected with ferrous ammonium cit-
rate showed 3055.2 ± 299.1, 2922.9 ±
513.3, and 2717.2 ± 600.3 Nissl-stained
cells/mm2 at 1, 7, and 14 days post-injec-
tion, respectively (Fig. 2C). An obvious
reduction in Nissl substance was observed
in pyramidal neurons at 1 day post-injection
(Fig. 5C, 5D), in sections adjacent to those
that showed increased HNE or cPLA2 stain-
ing. This, chromatolysis (‘loss of color’) is
due to dispersal, but not loss, of granular
endoplasmic reticulum throughout the cell
body. The staining of Nissl substance recov-
ered to control levels at 7 days (Fig. 5E) and
14 days post-injection (Fig. 5G). 

There were no statistically significant
differences between the mean numbers of
cells in rats injected with either ammonium
citrate or ferrous ammonium citrate at all
three post-injection time intervals (P > 0.05),
indicating no obvious cell death along the
row of pyramidal neurons in the CA fields
of the hippocampus.

No Fluoro-Jade labeled cells was observed
in either the ammonium citrate or ferrous
ammonium citrate injected hippocampus at
any of the post-injection time intervals, indi-
cating absence of cell loss (Fig. 6).

3.2. Electron microscopy (Fig. 7)

3.2.1. HNE immunoreactivity 

The pyramidal neurons in ammonium
citrate injected control rats showed intact
cellular and nuclear outlines, intact mito-
chondria, and absence of large vacuoles in
the cytoplasm. Very little or no staining was
observed in the cytoplasm (Fig. 7A).

The pyramidal neurons in rats injected
with ferrous ammonium citrate contained
evenly dispersed, fine heterochromatin
(Figs. 7B–7D), in place of the generally
clear nucleoplasm in the nucleus of unin-
jured pyramidal neurons (Fig. 7A). There
was also an increase in number of vacuoles
in the cell body (Figs. 7B and 7C), and an
increase in number of microtubules in the
dendrites (not shown). The nuclear and
cytoplasmic outlines, and the mitochondria
of the labeled cells were however, intact
(Figs. 7B–7D). The cells thus had features
of injured, but not degenerating neurons.
Intense staining was observed at 1 day post-
injection (Fig. 7B), but staining intensity
decreased at 7 days (Fig. 7C) and 14 days
(Fig. 7D) after injection.

3.2.2. cPLA2 immunoreactivity

The neurons that were labeled for cPLA2
in the ammonium citrate injected or ferrous
ammonium citrate injected rats had similar
morphological features as those labeled for
HNE (Fig. not shown).

4. DISCUSSION

The present study aimed to elucidate the
possible induction of cPLA2 and HNE
expressions and the effects of such induc-
tion on pyramidal neurons of the rat hippo-
campus, over a period at different time
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Figure 5. Light micrographs of field CA3 of the hippocampus, stained with the Nissl technique.
A, B: Seven day post-ammonium citrate injected rat (control), showing intact pyramidal neurons
(arrows) on the side ipsilateral to the intracerebroventricular injection (A, right side) and contrala-
teral side (B, left side). Adjacent sections from the same animal are shown in Figures 3A, 3B and
4A, 4B, and 6A. C, D: One day post-ferrous ammonium citrate injected rat, showing pyramidal
neurons with reduced amounts of Nissl substance (arrows) in the ipsilateral side (C, right side) com-
pared to the contralateral side (D, left side). This, chromatolysis (‘loss of color’) is due to dispersal
(but not loss) of granular endoplasmic reticulum throughout the cell body. Adjacent sections from
the same animal are shown in Figures 3C, 3D and 4C, 4D. E, F: Seven day post-ferrous ammonium
citrate injected rat, showing intact stratum pyramidale with similar amounts of Nissl substance
(arrows) in pyramidal neurons, in both the ipsilateral (E) and contralateral (F) hippocampus. Adja-
cent sections of the same animal are shown in Figures 3E, 4E and 6B. G, H: Fourteen day post-
ferrous ammonium citrate injected rat, showing intact stratum pyramidale with similar amounts of
Nissl substance (arrows) in pyramidal neurons, in both the ipsilateral (G) and contralateral (H) hip-
pocampus. This was despite the injury that had occurred in this area previously, as evidenced by
the ‘ghost-like’ (i.e. very slightly denser) HNE and cPLA2 immunoreactivity, still visible in the pyra-
midal neurons in adjacent sections (c.f. Figs. 3F and 4F). Scale = 50 µm.
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intervals after a single episode of oxidative
stress. An intracerebroventricular injection
of 1 µL of 5 mM ferrous ammonium citrate
was used to induce severe oxidative stress
mediated by hydroxyl radicals. As demon-
strated in a previous study, addition of Fe2+

alone or citrate alone to an in vitro cell free
system produced little or no *OH, whereas
addition of Fe2+ citrate produced a linear
increase in *OH with time, as detected by
the *OH adduct of salicylate, 2,3-dihyd-
robenzoic acid (DHBA). The Fe2+ citrate
complexes closely resemble the intracellu-
lar free “labile iron pool” or  “transit pool”
[28, 29], and these forms were suggested to
be present in cases of external iron loading
[30]. Therefore this method of inducing
oxidative stress may mimic situations where
there is increased brain oxidative stress due
to iron accumulation in vivo.

Ferrous iron, when reacted with an equi-
molar amount of citric acid, forms triden-
tate mononuclear complex [Fe citrate]–,
which would undergo oxidation and hydrol-
ysis to form tridentate [Fe (OH) citrate]–

and bidentate [Fe (OH)2 citrate]2– ferric
complex. During this process, Fe2+ may be

reduced to form superoxide anion. Further-
more, Fe2+ itself may take part in an elec-
tron transfer reaction with molecular oxygen
or with citrate to produce unstable perferryl
radicals, forming Fe3+ and superoxide, lead-
ing to the formation of *OH by the Haber-
Weiss and/or Fenton reaction [28, 29].

An induction of HNE immunoreactivity
was observed after ferrous ammonium cit-
rate injection. A significant difference in the
number of HNE positive cells was observed
between the ferrous ammonium citrate and
ammonium citrate injected controls at all
time intervals, i.e. 1 day, 1 week and 2 weeks
after injection, although the number and
density of these labeled cells were signifi-
cantly fewer in the 2 week post-ferrous
ammonium citrate injected rats, than those
at 1 day post-injection. Electron micros-
copy showed that the HNE positive cells
had features of injured neurons with evenly
dispersed fine heterochromatin in the nucleus,
and large numbers of profiles of endoplas-
mic reticulum, and clear vacuoles in the
cytoplasm. The nuclear and cytoplasmic
outlines, and the mitochondrial membranes

Figure 6. Light micrographs of field CA3 of the hippocampus ipsilateral to the injection, stained
with Fluoro-Jade. Seven day post-ammonium citrate injected rat (control) (A) and (B) 1 week post-
ferrous ammonium citrate injected rat. Both show absence of any degenerating neurons as evidenced
by the lack of Fluoro-Jade labeling. Arrows indicate the stratum pyramidale. Scale = 50 µm.
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Figure 7. Electron micrographs of HNE immunolabeled sections of the hippocampus, from a rat
which had been injected with ammonium citrate 7 days previously (A, control), and rats which have
been injected with ferrous ammonium citrate 1 day (B), 7 days (C) and 14 days (D) previously.
A: The nucleus of neurons from control rats contained small heterochromatin clumps, and generally
light nucleoplasm. Very little or no immunoreaction product is present in the cytoplasm. B, C,
D: Rats which had been injected with ferrous ammonium citrate showed evenly dispersed fine hete-
rochromatin in the nucleus. There was also an increase in number of vacuoles in the cell body. The
nuclear membrane (arrows) and cell membrane (arrowheads), and the mitochondria of the labeled
cells are however, intact, and the cells had morphological features of viable cells. Asterisks indicate
immunoreaction product. The staining was intense at 1 day post-injection (B), but decreased at
7 days (C) and 14 days (D) after injection. Abbreviations: N: nucleus. M: mitochondrion.
V: vacuole. Scale = 1 µm.
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were, however, intact, and the cells had fea-
tures of viable neurons. HNE immunoreac-
tivity was observed not only intracellularly,
but was also found on the cell membranes.
This feature is consistent with the notion
that the cell membrane is a major target for
hydroxyl radical-induced lipid peroxida-
tion. Such immunoreactivity on the cell mem-
branes was observed in the 1 day and 1 week
post-ferrous ammonium citrate injected rats,
suggesting that they were cleared by the
cells anti-peroxidative mechanism by 1 and
2 weeks post-injection.

An induction of cPLA2 immunoreactivity
was also observed after ferrous ammonium
citrate injection. In contrast to HNE stain-
ing, however, significant difference between
the ferrous ammonium citrate injected and
ammonium citrate injected rats was observed
only at 1 week post-injection. At 2 weeks
post-injection, only faintly labeled cPLA2
positive cells were observed. cPLA2 may
play a reparative role in removing oxidized
fatty acids from the cell membrane after fer-
rous iron treatment. Phospholipid hydroper-
oxides are better substrates for cPLA2 than
the native phospholipid [31, 32], and their
removal may be essential for the reconsti-
tution of phospholipids with non-peroxi-
dized fatty acid chains. On the other hand,
the similar time course and distribution of
cPLA2 and HNE immunoreactivity sug-
gests that cPLA2 may generate arachidonic
acid, which could then be peroxidised to
HNE.

A similar induction of cPLA2 has been
observed after exposure of cultured human
keratinocytes to UV radiation [33]. Together
with the present findings of induction of
cPLA2 expression by ferrous ammonium
citrate, they indicate that cPLA2 could be
induced by free radicals. One possibility is
that ferrous ammonium citrate-mediated
oxidative stress can induced the expression
of nuclear factor-kappa B (NF-κB) [34],
which is one of the oxidative stress-respon-
sive transcription factors that has been
reported to have binding sites on the cPLA2
promoter, and this binding may induce the

expression of cPLA2 [35–37]. The transcrip-
tion factor, fos is also increased in times of
oxidative stress, and increased fos could
have bound to the activator protein-1 (AP-1)
binding site of cPLA2 promoter, and induced
the expression of cPLA2 [36].

No seizures were observed in the ferrous
ammonium citrate or ammonium citrate
injected rats at any of the investigated time
point. Although seizures have previously
been induced in rats after injection of fer-
rous chloride, a massive dose was used. The
concentration of ferrous ammonium citrate
in the ventricles in the present study is esti-
mated at 5 µM (1 µL of a 5 mM solution
diluted in approximately 1 mL of cerebro-
spinal fluid), whereas it has been reported
that approximately 3 µL of 100 mM ferrous
chloride solution was necessary to induce
seizures after injection into the hippocam-
pus [38].

The lack of seizures may account for the
difference between the present study and
the kainate injection model, in terms of
pyramidal cell loss. Although rapid induc-
tion of HNE and cPLA2 were also observed
after kainate injection [26, 39], these injec-
tions are characterized by the presence of
seizures, and hippocampal cell loss obvious
in Nissl sections from 3 days post-injection,
and a dense glial reaction with many cPLA2
positive astrocytes in the degenerating hip-
pocampal fields, by 2 weeks post-injection
[26]. In contrast, no pyramidal cell loss, or
glial reaction (as evidenced by the lack of
cPLA2 positive astrocytes [26, 40]) was
observed in this study.

Seizure control was strongly associated
with protection against acute lethality and
brain pathology, after exposure of guinea
pigs to soman and other nerve agents [41].
It is likely that persistent oxidative stress
induced by excessive excitotoxic injury
induced by glutamate in seizures could have
overwhelmed the antioxidant defenses
in the neurons, resulting in cell death. In
kainate-mediated neuronal death, mito-
chondrial integrity is lost [26] and HNE
concentration is increased to 2.5–4.5 mM
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[6, 42], causing rapid cell death associated
with depletion of ATP, disturbance in cal-
cium homeostasis, inhibition of key meta-
bolic enzymes and inhibition of protein and
DNA synthesis [5].

The damaged neurons were observed to
undergo loss of Nissl substance, or chroma-
tolysis at light microscopy. This process
has been most studied in motor neurons fol-
lowing axotomy, and involves restructur-
ing of the rough endoplasmic reticulum,
accompanied by increased expression of
cytoskeletal proteins, but decreased expres-
sion of enzymes and receptors related to
neurotransmission in the cells. It is thought
to reflect efforts of the regenerating neuron
to compensate for the injury or lost axon
[43]. The cPLA2 or HNE positive neurons
were also observed to have dispersed hete-
rochromatin and increased number of pro-
files of rough endoplasmic reticulum and
mitochondria at electron microscopy. This
suggests an increased activity of the cells to
generate ATP and synthesize new proteins
to counter the effect of the oxidative stress.

The present study therefore shows that in
the absence of such repetitive insults, neu-
rons have a remarkable ability to tolerate
and recover from a single episode of severe
oxidative stress. The concentration of fer-
rous ammonium citrate injected into the
anterior horn of the lateral ventricles (1.0 µL
of a 5 mM solution) was sufficient to cause
an increase in free radicals [20, 21], but the
ability for the neurons to recover from the
increased cPLA2 and HNE immunoreactiv-
ity following iron-induced oxidative stress
suggests that brain tissue contains endog-
enous antioxidant mechanisms to protect
neurons against neurodegeneration result-
ing from oxidative injury [44, 45]. Injection
of 1 µL of 1 mM ferric ammonium citrate
directly into the cerebral cortex resulted in
increased expression of the iron binding
protein, ferritin in this tissue [14]. Intrani-
gral infusion of iron also resulted in increased
activities of the antioxidant enzymes cata-
lase and glutathione peroxidase [13]. These
studies indicate that iron binding or free

radical detoxifying systems are increased in
brain regions after iron exposure, which
reduce the effects of oxidative stress.

Further work is necessary to identify
other proteins or lipids that might be
induced in recovering neurons after iron
induced free radical injury.
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