
Introduction

Short periods of preconditioning by the ischemia can
confer protection against injury which results from longer
periods of focal or global ischemia in the central nervous
system. Since preconditioning harnesses robust endo-
genous protective potential of the tissue, elucidation of the
mechanisms responsible for the induction of ischemic tole-
rance may have practical value in the search for effective
means of therapeutic intervention in stroke.

Iron is necessary for normal neural function but it must
be stringently regulated to avoid iron-induced oxidative in-
jury (1). The recirculation of blood after transient ischemia
causes an increase in low molecular weight species of iron,
and free radicals formation initiated by iron leads to the
brain damage by lipid peroxidation (11). Iron-induced
hydroxyl radicals, lipid peroxidation and apoptotic cell de-
ath can be blocked by both, endogenously generated and
exogenously administered nitric oxide. The ischemic pre-
conditioning induces expression of stress proteins such as
hemeoxygenase-1, neuronal nitric oxide synthase, redox fac-
tor-1 and inhibits p66shc, as well as hypothermia therapy
suppresses the generation of toxic reactive oxygen, lipids
and thiol species evoked by bioactive iron complexes in the
brain (4).

Free iron, more than any other transition metal, has
been implicated in redox transitions and consequential ge-

neration of oxygen free radicals. The iron regulatory pro-
teins, which control other Fe-binding proteins and thus the
regulation of cellular iron metabolism also play a role in de-
creasing the reactive oxygen species generating capacity of
Fe (2).

There were many studies dealing with the role of iron in
neuronal damage during early stages of cerebral ischemia
(6), but abnormal iron deposition at a late stage after tran-
sient cerebral ischemia has not been reported except in the
histochemical studies of the spatial and temporal distribu-
tions of the iron (5), ferritin, and transferrin (as iron bind-
ing proteins), and of the astroglial and microglial reactions
at 1– 24 weeks after transient forebrain ischemia (8).

In the present study, we investigated postischemic neu-
ronal damage in the layer V of the cerebral cortex. We exa-
mined abnormal iron deposition in the brain during the
chronic phase after ischemia, using the intensification of
Perl’s histochemical reaction for ferric iron by 3,3’-diamo-
nobenzidine (DAB). We also assessed the effectiveness of
ischemic tolerance induced by preconditioning with respect
to the cell damage and iron deposition.

Materials and Methods

The experiments were done in agreement with the Slovak
Law of Animal Protection No. 115/1995 and under the
supervision of the Institutional Ethical Committee for ani-
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mal research. 8- to 10-weeks-old male rats of the Wistar
strain were used. The rats’ weight was 250–300 g at the
beginning of the experiment. They were placed on a de-
privation schedule to maintain their weights at approxi-
mately 80% of the free-feeding level. The rats were housed
in groups of four per cage under the constant temperature
(23 ± 2°C) and a 12–h light/dark cycle (light period:
07.00–19.00 h), with water freely available. Transient fore-
brain ischemia was induced by the four vessel occlusion
method (4–VO) described by Pulsinelli and Brierley (9)
with modifications (10). Briefly, the rats were anaesthetised
i.p. by ketamine (100 mg/kg body wt) and xylozine (15
mg/kg body wt). Vertebral arteries were electrocauterized
through the alar foramen of the first cervical vertebra. Both
common carotid arteries were exposed through a ventral
midline cervical incision and ligatures were placed loosely
around each artery without interrupting the carotid blood
flow. Next day, under light fluothane anaesthesia both com-
mon carotid arteries were reexposed and occluded with
aneurysmal clips to induce forebrain ischemia. The arteries
were occluded for 5 min (ischemic preconditioning) and 2

days later the carotid arteries were occluded for 20 min
again. At the end of 20 min lasting bilateral carotid occlu-
sion, blood flow was restored by releasing the clips. The
rats which became unresponsive and lost the righting reflex
during bilateral carotid artery occlusion, and did not reveal
seizures during and after the ischemia were retained in the
experiment. Only such animals can be considered to fulfil
the criteria of adequate ischemia. Criteria of forebrain is-
chemia were the following: the bilateral loss of the righting
reflex, paw extension, and the mydriasis. Sham-operated
animals (n=4 in each group) were treated in a same manner
but without the occlusion of the common carotid arteries.
Rectal temperature of animals was maintained at 37oC dur-
ing the surgery and following ischemia by the heating pad
and lamp. The animals were sacrificed at 1, 4 and 8 weeks
after the preconditioning ischemia or after the second is-
chemia.

At 1, 4 and 8 weeks of recirculation, the animals (n=6
in each group) were deeply anaesthetised i.p. by the above
mentioned mixture of ketamine and xylozine and then per-
fused transcardially with saline, followed by 4% parafor-
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Fig. 1: Photomicrographs of Perl’s reaction at a level of frontal cortex without preconditioning after 1 week (A and A’), 4
weeks (C and C’), 8 weeks (E and E’) of reperfusion, and with preconditioning after 1 week (B and B’), 4 weeks (D and
D’), 8 weeks (F and F’) of reperfusion. Scale bar: 400 µm (A, B, C, D, E, F) and 40 µm (A’, B’, C’, D’, E’, F’).
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maldehyde solution with 0.1 M phosphate buffer (PB; pH
7.4). The brains were removed from the skull, and postfixed
for 3 h in the same fixative. The brains were cut coronally
on a vibratome to 30 µm. The sections were stained with
hematoxylin-eosin and by Perl’s reaction with or without
3,3’-diaminobenzidine (DAB) intensification (7). Sections
were well washed with deionized water for at least 30 min,
incubated in Perl’s solution (1% potassium ferrocyanide/1%
HCl) at the room temperature for 30 min followed by washing
with deionized water for 30 min. Sections without DAB in-
tensification were counterstained with neutral red and
mounted. For the intensification of Perl’s reaction, the sec-
tions were incubated for 20 min in 0.5% DAB in 0.1 M PB
and for 15 min in the same medium with 0.005% H2O2. The
reaction was finished by washing with deionized water for
30 min. Some sections were counterstained with methyl
green. Control slides were amplified with DAB but without
the preincubation with Perl’s solution. No positive staining
was found in any of control slides.

Statistical significance of differences between the groups
was analysed using one-way ANOVA test followed by post-
hoc Duncan’s test. The result p<0.05 was considered to be
significant.

Results

Ischemic changes in neurons induced by transient fore-
brain ischemia were evaluated on sections of the frontal
cortex stained with hematoxylin and eosin. In this model,
neuronal damage was observed only in the layers III-V of
the cerebral cortex. The effect of preconditioning was vis-
ible already after 1 week of recirculation.

In sham-operated control rats, the iron was occasionally
present in the perikarya and neuronal processes of some

pyramidal neurons in the layer V and in a part of the layer
III of the frontal cortex in the form of fine granular depo-
sits. The number of iron-containing pyramidal cells in the
layer V of the frontal cortex increased in 1 week and rea-
ched maximal values after 8 weeks of recirculation (Figs.
1A, A’; C, C’; E, E’). The injured cellular layer was strongly
iron stained (Figs.1E, E’). The protective effect of 5 min is-
chemia 2 days before 20 min severe ischemia was visible in
layer V of the frontal cortex (Figs. 1B, B’; D, D’; F, F’).

Granular iron deposits in pyramidal neurons of the
frontocortical layer V showed significant increase at 4 and
8 weeks compared to ischemic rats without preconditioning
(Fig. 2)

Discussion

The iron deposition in cerebral cortex in a rat model of
cerebral ischemia and possible increase of ischemic tole-
rance of the brain was investigated. We examined the iron
deposition in the rat brain during the chronic phase follow-
ing transient forebrain ischemia with and without precon-
ditioning. The iron began to accumulate after the first week
of recirculation in the cytoplasm of the pyramidal cells in
the layer V of the frontal cortex,. Conspicuous iron depo-
sition was seen in the mentioned cells after 8 weeks. Pre-
conditioning with 5 min ischemia 2 days before 20 min
ischemia preserved the pyramidal cell layer V of the frontal
cortex and produced only a minimal number of iron-con-
taining cells during recirculation.

Abnormally high levels of iron deposition as well as oxi-
dative stress have been demonstrated in a number of neuro-
degenerative disorders including Alzheimer’s disease and
those characterised by nigral degeneration such as Par-
kinson’s disease, multiple system atrophy, and progressive
supranuclear palsy. Microglia cells are the major sites of
iron bound in ferritin and are thought to be partly respons-
ible for oxidative damage in neurodegenerative disorders.
Microglia stimulated in vivo with phorbol ester shows in-
creased lipid peroxidation resulting from a superoxide-de-
pendent release of iron from ferritin (12). The interaction
of oxidative stress with control of iron metabolism in the
brain is confirmed by finding of abnormal iron deposition
associated with lipid peroxidation in a transgenic mouse
model (with the expression of interleukin IL-6 in astro-
cytes) of the blood-brain barrier defect associated with pro-
gressive neurodegeneration (3).

Preconditioning induction of genes and proteins, cap-
able to prevent or repair the oxidative damage caused by re-
active oxygen species, peroxyl lipid radicals and reactive
peptidyl thiol radicals could enhance the recovery and re-
pair of partially damaged neurons in the brain. Neuro-
protection against cerebral ischemia can be realised if the
brain is preconditioned by previous exposure to a brief pe-
riod of ischemia. Preconditioning of the rat brain by short-
term cerebral ischemia induces resistance to subsequent
severe ischemia.

Fig. 2: Number of iron-positive pyramidal neurons in layer
V of frontal cortex. Neurons were counted using a light
microscope at a 50–fold original magnification. An area of
3.0 x 104 µm2 (460 x 650 µm) was counted. Values are me-
ans ± SD. *p < 0.05 compared to ischemic rats without pre-
conditioning.



Conclusions

This study indicates that preconditioning of the brain by
5 min ischemia 2 days before 20 min ischemia prevented
neuronal damage by the reduction or limitation of iron
accumulation in the layer V of the frontal cortex. It has
been suggested that short ischemic attacks might provide
the preconditioning necessary to protect the brain from
later, more severe insults. Our data confirm that this indeed
might be the case of postischemic iron metabolism.
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