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Objective: Morphological changes of CA1 neurons in rat hippocampus after transient
and permanent focal cerebral ischemia were studied to clarify the nature of post-
ischemic cell death in the subfield.

Materials and Methods: Male adult rats were divided into 3 groups: Control (Sham-
operated), transient ischemic group (30 minutes of MCAO followed by 48 hours of
reperfusion), and permanent ischemic group (48 hours of MCAQ). After the mentioned
times, deep anesthesia was induced in the rats and their brains were removed and
processed for transmission electron microscopy (TEM) and evaluation.

Results: Electron-microscopic examination on day 2 showed key morphological signs
of apoptosis in the permanent ischemic group, while morphological signs of necrosis
were observed in the transient ischemic group.

Conclusion: These results suggest necrosis (as dominant mechanism of neuronal
death after transient ischemia) and apoptosis (after permanent ischemia) to be involved

in neuronal death.
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Introduction

Apoptosis and necrosis are morphologically and bio-
chemically distinguishable forms of cell death (1).
Apoptosis is characterized by cell shrinkage, plasma
membrane blebing, chromatin aggregation, and DNA
condensation. In contrast, necrosis manifests as cell
swelling, organellar damage, disruption of membrane
integrity, and cell lysis. Biochemical features of ap-
optosis include maintance of ATP levels (2), activa-
tion of one or more cystein proteases in the caspase
family (3), and a loss of plasma membrane phosphol-
ipid symmetry (4). Necrosis is accompanied by rapid
ATP depletion and dramatic changes in mitochondrial
ultrastructure (5). The mode of cell death is of par-
ticular importance because necrotic cell death results
in an inflammatory response involving activation of
macrophage/microglia, whereas apoptosis does not
elicit such a response (6). The sub-cellular events
leading to cell death are fundamental to understand-
ing an array of human disorders including cancer (7)
and Stroke (8).

More than 90% of CAl neurons die 1 week after
forebrain ischemia (9, 10). The pathogenesis of this
selective neuronal death is not fully understood and
is under active investigation. Electron microscopy
of hippocampus reveals morphological evidence of
necrosis (11). Based on the results of several experi-
ments, Nitatori et al. (12) conclude that delayed cell
death of CAl neurons in gerbil after brief global
ischemia is not necrotic but apoptotic. However, ef-
forts to label cerebral ischemia induced cell death
as necrotic or apoptotic have generated controversy
(13).

In the present study, ultrsuructural changes of CAl
neurons in the rat hippocampus after transient and
permanent focal cerebral ischemia due to middle
cerebral artery occlusion (MCAO) were studied to
clarify the nature of post-ischemic cell death in the
subfields.

Materials and Methods
Male adult NMRI rats (250-350) were used in the
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study. Experimental procedures were approved by
the ethics committee of Ahwaz Jondi-Shapour Medi-
cal University, Ahwaz, Iran. Before undergoing the
experimental procedures, the animals were clinically
normal, free of obvious infection or inflammation,
and presented no neurological disorders. The animals
were divided into 3 different groups: Sham-operated
group, transient ischemic group (30 minutes of MCAO
followed by 48 hours of reperfusion) and permanent
ischemic group (48 hours of MCAO).

Due to the high mortality rate of animals in the experi-
mental groups, each group consisted of at least three
animals.

Transient focal cerebral ischemia

The animals were subjected to transient focal cerebral
ischemia using the MCAO method (14). In brief, they were
anesthetized with chloral hydrate (Sigma) (400 mg/kg).
Under the operating microscope, the right common ca-
rotid artery (CCA) of each animal was incised at midline.
After blocking all branches of the external carotid artery
(ECA) and extra cranial branches of the internal carotid ar-
tery (ICA), a 4-0 nylon intraluminal suture was introduced
into the cervical ICA and advanced intracranially to block
blood flow into the MCA. After 30 minutes, the intralumi-
nal suture was withdrawn and blood flow resumed. Rectal
temperature was monitored continuously and maintained
between 37+0.5 °C throughout anesthesia. After full recov-
ery, neurological evaluation (15) was performed to ensure
MCAO occurred, and animals without clinical signs were
then excluded from the experiment.

Permanent focal cerebral ischemia

Under chloral hydrate anesthesia, the left MCA was
exposed using the Tamura et al. method (16). The
ipsilateral CCA was then exposed. Ischemia result-
ed when ligation of the CCA immediately followed
cautery of the MCA, which was coagulated from its
junction with the olfactory tract to the inferior cer-
ebral vein. The arterial occlusions were maintained
until decapitation 48 hours later. Rectal temperature
was monitored continuously and maintained between
37+0.5°C throughout anesthesia. After full recovery,
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neurological evaluation (15) was performed to verify
the occurrence of MCAO, and animals without clini-
cal signs were excluded.

Electron Microscopy Preparation

After the prescribed survival time, the rats were re-an-
esthetized with chloral hydrate (400mg/kg), and were
through the left ventricle transcardially perfused with
250 ml of heparinized saline solution followed by 100
ml of fixative solution compounded by 4% paraformal-
dehyde in a 0.1M phosphate buffer solution (PBS), with
a PH of 7.4 and at room temperature. The brains were re-
moved and immersed in the same fixative solution over-
night. A 400-pum block of area CA1 (Fig 1) was dissected
and fixed in buffered 2.5% glutaraldehyde (Merck) for
an additional 48 hours. The sections were then washed
in PB solution and postfixed in 1% OSO, for 2 hours at
room temperature. After dehydration in ascending etha-
nol, they were embedded in Epon812 resin (TAAB, UK)
and polymerized for 48 hours at 55°C.

Fig 1: Photomicrograph of a coronal section of the hippoc-
ampus of a male rat stained with Thionin. The box indicates
the analyzed area in this study.

Semithin sections (0.3 um) were stained with toluidine
blue to identify CA1 regions (Fig 2). Subsequently, 70
nm sections were cut and stained with uranyl acetate
and lead stain. Sections were examined with a Philips
EM300 electron microscope.

Fig 2: Light micrographs of semithin sections of CAl hippocampal subfield of male rats stained by toluidine blue on day 2 after ischemia
in the different groups. (A) sham-operated group, (B) transient ischemic group and (C) permanent ischemic group. (4) Micrograph
showing a layer of pyramidal neurons with large and prominent nuclei. (B) Micrograph showing dark neurons. Inflammatory cell infil-
tration (White arrow). (C) Micrograph showing apoptotic neurons. Apoptotic body is considerable (Black arrow). Magnification: x400
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At least three specimens per animal were prepared, and
for each specimen of sham-operated and experimental
groups six grids were prepared of which three were
studied.

Results

Light and electron microscopy observations in the study
showed morphological changes in the CA1 subfield af-
ter 48 hours of ischemia.

Light microscopy findings

In sham-operated animals, semithin sections of CAl
subfield showed a layer of cell bodies of pyramidal neu-
rons with large and prominent nuclei (Fig 2A). At 48
hours after transient ischemia, the pyramidal neurons
exhibited necrotic changes characterized by dark neu-
rons with pyknotic nuclei and inflammatory cell infil-
tration (Fig 2B). At 48 hours after permanent ischemia,
the neurons showed apoptotic changes characterized by
formation of apoptotic bodies and loss of inflammatory

Fig 3: Electron micrograph of a typical CAl pyramidal
neuron from sham-operated rat group(A). (4) Intact cyto-
plasm within the somata and normal cell membrane (ar-
rowhead). Nuclear membrane (black arrow) is smooth and
the chromatin material is dispersed throughout the nucleus.
(B) Electron micrograph with higher magnification shows
rough endoplasmic reticulum (RER), Golgi apparatus (G)
and mitochondria (M). Magnification in (A): 5200, in (B):
x39000
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Fig 4: Electron micrograph of the ultrastructure of the CA1
pyramidal neurons on day 2 after 30 minutes of MCAO
(transient ischemic group). (A) Pyramidal neurons show-
ing different stages of degeneration. Note cytoplasmic al-
terations such as darkening of cytoplasm and swollen or-
ganelles. Nuclear lysis and nuclear membrane invagination
(black arrow) are also noticeable. (B) Micrograph of higher
magnification showing nuclear lysis, swollen golgi appara-
tus (G) and (RER) (white arrows) and mitochondria (M).
Magnification in (4): 6195, in (B): x44100

Electron microscopy findings

In sham-operated animals, CA1 pyramidal cells had
oval nuclei with evenly dispersed chromatin and clear
nucleoli. Cytoplasmic membrane and nucleolemma
were intact. The cytoplasm contained mitochondria of
various sizes, well developed rough endoplasmic retic-
ulum (RER) and characteristic polyribosomal rosettes
(Fig 3A, B).

Two days after undergoing 30 minutes of MCAO, ul-
trastructure changes were observed in the CA1 neur-
ous. In some cells, the changes were visible within the
cytoplasm and nucleus as shown in (Fig 4 A, B). In this
example, there were cytoplasmic darkening, mitochon-
drial swelling, nucleolemma invaginations indicating
the shrinkage of the nuclei and/or nuclear lysis, swell-
ing of the golgi apparatus and RER. The discontinuity
of plasma membrane and nucleolemma was observed
in some swollen cells.

Two days after permanent MCAO, ultrastructure obser-
vations showed chromatin aggregation and formation
of apoptotic bodies. Plasma membrane and nucleolem-
ma discontinuity were not observed in the swollen cells
(Fig 5A, B, C).
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Fig 5: Electron micrograph of the ultrastructure of CAIl pyramidal neurons on day 2 after permanent ischemia. (per-
manent ischemic group). (A) Pyramidal neuron showing degenerative changes. Note nuclear deformity and chromatin
aggregation. (B) Micrograph of higher magnification showing chromatin aggregation. Plasma membrane (arrow)
and mitochondria (M) are intact. (C) Micrograph showing typical apoptotic bodies. Magnifications: (A): x6195, (B):

x39000 (C): <6195

Discussion

The main result of this study is that the pyramidal CA1
neurons undergoing transient ischemia versus those
undergoing permanent ischemia exhibit significantly
different patterns of damage. In the CAl subfield of
rat hippocampus, the majority of neurons, starting
from 48 hours after reperfusion, showed characteristic
features of necrotic changes whereas neurons under-
going permanent ischemia exhibited key features of
apoptotic changes.

The present study has shown the ischemic necrotic cell
changes of CA1 pyramidal neurons in rat hippocampus
following transient MCAO. In the CA1 subfield un-
der a light microscope, we observed necrotic changes
characterized by dark neurons with pyknotic nuclei
and inflammatory cell infiltration. Under an electron
microscope, we observed characteristic features of
ischemic necrotic cell changes such as darkening of
the cytoplasm, mitochondrial swelling, nucleolemma
invagination and/or nuclear lysis, and swelling of Gol-
gi apparatus and RER. Ischemic cell changes reported
by Speilmayer (17), Schwartz-bloom et al. (18) and
Winkelmann et al. (19) are similar to our findings.
Our light-microscopy evaluations showed the apop-
totic changes of pyramidal CA1 hippocampal neurons
following permanent MCAO. These changes included
formation of apoptotic bodies and loss of inflamma-
tory cells. Electron-microscopy observations showed
chromatin aggregation and formation of apoptotic
bodies, as well as undisrupted plasma and mitochon-
drial membranes. These results are in agreement with
other studies (20, 21).

Recent studies with molecular biological approaches,
have shown DNA fragmentation in the CA1 region af-
ter ischemia suggesting that apoptosis is involved in
the neuronal damage (22). Other recent studies how-
ever, suggest the existence of a range of intermediate
morphological processes which includes simultaneous
apoptotic and necrotic features (13).

More interestingly, another morphological change in
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neurons of mouse hippocampus following transient
hypoxic-ischemia is explained by Fukuda et al. (23).
Based on their report, perikarya of degenerating neu-
rons shrank as in apoptosis, but apoptotic bodies were
not observed and organelles other than mitochondria
disappeared almost completely from the perikarya.
Furthermore, neither plasma nor mitochondrial mem-
branes were disrupted further indicating that these
changes differed from those in typical necrosis.

The above discrepancies may be due to one or a com-
bination of the use of non-specific detection methods
(e.g., TUNEL) for DNA fragmentation, different time-
points at which neurons are examined following the
ischemic insult, as well as conflicting biochemical and
morphologic findings (20).

A variety of stimuli can induce apoptosis, including
oxidative insults (24), trophic factor withdrawal (25)
and metabolic compromises (26). In some cases such
as exposure to excitatory amino acids and oxidative
insults, whether cells die by apoptosis or by necrosis
depends upon insult intensity (27). For example, ex-
posure of cultured PC12 cells or hippocampal neurons
to low concentrations of 4-hydroxynoneal (HNE), a
toxic product of membrane lipid peroxidation, induces
apoptosis, whereas higher HNE concentrations induce
necrosis (28). It has been suggested that ischemia
may trigger either necrosis or apoptosis depending on
insult severity, the intracellular free Ca*" levels, and
availability of growth factor (20).

There is escalating evidence that mitochondria play a
key role in both necrotic and apoptotic neuronal death
after acute cerebral ischemia (29). According to So-
lenski’s study (30), neuronal mitochondria undergoing
transient versus permanent ischemia exhibit signifi-
cantly different patterns of injury. Structural damage
to neuronal mitochondria of neocortex occurs more
acutely and to a greater extent during the reperfusion
phase in comparison to during the ischemic phase.
One explanation is based on the well-established fact
that during reoxygenation, the perfused neuron is ex-



posed to potential toxins including oxygen free radi-
cals and important proinflammatory mediators (31).
Furthermore, there is increasing in-vivo evidence that
oxidative stress associated with reoxygenation gener-
ates free radicals, which are believed to be injurious
or even lethal to mitochondria (32). There remains a
vigorous debate over the role of mitochondrial mem-
brane rupture and the release of proapoptotic factors
including cytochromec in initiating apoptotic cell
death (33).

However, severe damage to mitochondria that occurs
during the reperfusion phase may lead to necrosis,
while mild damage to mitochondria due to permanent
ischemia may lead to apoptosis. This fact (different
mitochondrial injuries) may explain the observed dif-
ferent death patterns of CA1 neurons in different con-
ditions.

Conclusion

In summary, these results suggest necrosis as the
dominant mechanism of neuronal death after transient
ischemia, and apoptosis as the dominant mechanism
of neuronal death after permanent ischemia. Howev-
er, it must be also be noted that multiple techniques
at different time points after ischemia are essential to
ascertain the type of death in the CA1 neurons. More
investigations are required in this respect in order to
understand the biochemical and molecular pathways
involved in producing neuron loss following brain
ischemia.
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