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Abstract

Unilateral surgical brain injury of the rat is a model of surgery-related brain damage of humans. Our preliminary
experiments showed two phenomena within the damaged cortical region of rat brain. Those were: degeneration and
death of neurons and massive gliosis. In the present study we aimed to investigate the mechanisms of neuronal death
following brain injury and to characterize responses of glial cells to the damage. We analyzed the morphological
changes and alterations of immunochemical profile of cells localized in the brain areas adjacent to the lesion. Our
data show the massive neuronal death following the lesion. Neurons undergo necrosis and apoptosis, but on the
4th day following the operation apoptosis prevails. Apoptotic cells showed heavy immunostaining for proapoptotic
Bax and caspase 3. This result suggests the involvement of these proteins in neuronal apoptosis in our experimental
model. Neuronal death is accompanied by the induction of astrogliosis in the perilesional cortical area. Astrocytes
became hypertrophic. We did not detect any dying astrocytes at the investigated time point, but there is a possibility
that apoptosis may occur in astroglia during another time period following the damage. This question requires
further studies in our experimental model.
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Introduction and changes in the synthesis of transcriptional fac-
tors [5,10,13,20], lead to damage and cell death in the
initially affected cells as well as neighbouring cells wi-
thin hours or days post-injury [12].

In particular, neuronal cell death, especially via
apoptosis, has recently become an area of intense
investigation [16], because of its potential rever-
sibility. The major issue is to find proteins which

regulated and executed the apoptotic process in

A number of mechanisms have been implicated
following brain injury, including energy failure and in-
flammation. Central to all of these mechanisms are
cell death pathways that resemble apoptosis and ne-
crosis. At least in the adult nervous system, mechani-
sms of ischaemic cell death often involve elements of
both or aponecrosis. Dynamic mechanical deforma-

tion of neuronal tissue produces a microstructural re-
sponse at the cellular level, triggering a complex array
of signalling events. These events, such as activation
of second messengers, phosphorylation of proteins,

each individual experimental model. One of these
proteins is Bax. It is a member of the Bcl-2 family
of proteins. Bax can promote apoptosis [for exam-
ple: 9,11,15,23]. The main protein involved in the
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execution of apoptosis in mammals is caspase 3
[for example: 17,18], which can cleave and activate
other caspases (e.g. caspases 6, 7 and 9) and cut
many cellular key proteins, such as nuclear enzyme
poly (ADP-ribose) polymerase — PARP [3]. Caspase
3 belongs to the family of cysteine proteases, and
is the most extensively studied apoptotic protein
among caspase family members.

Our experimental model of surgical injury of rat
cerebral cortex imitates surgery-related brain da-
mage of humans. This injury initiates disruption of
brain parenchyma and glial scar formation. In our
preliminary studies we detected two different phe-
nomena within the damaged cortical region of rat
brain. Those were: rapid neuronal degeneration and
death, and massive gliosis. Both these phenomena
are very intense on the fourth day post-lesion, so
we decided to perform our present studies at this
time point.

In the present study we aimed to investigate
mechanisms of neuronal death following brain inju-
ry. We also aimed to characterize responses of non-
-neuronal cells within the injured cortical region.

Material and Methods

All surgical procedures and treatments were ap-
proved by the local animal Ethical Committee.

Eighteen adult, male Wistar rats (200-250 g) were
used in this experiment. Twelve animals were sub-
jected to surgical brain injury. Then rats were utilized
4 days after the operation. Six intact animals served
as a control group.

Animals were anaesthetized with 20 mg/kg
ketamine hydrochloride. The head skin was inci-
sed and removed. Traumatic injury was induced in
the fronto-temporal region of the cerebral cortex
[see 4]. The operated region was hemisected with
a small scalpel and the wound was closed. The wo-
und was sutured and dressed under aseptic condi-
tions. The rats remained under standard laboratory
conditions for 4 days.

Four days after the operation six animals (four
operated and two control) were anaesthetized with
Nembutal (80 mg/kg b.w.) and perfused through the
ascending aorta with 2% paraformaldehyde and
2.5% glutaraldehyde in 0.1 M cacodylate buffer, pH
7.4 at 20°C. Material for ultrastructural morpho-
logical studies was sampled from the cerebral cor-
tex, contacting with the operated region. The tissue
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was fixed in the same solution for 20 h and placed
in a mixture of 1% 0sO, and 0.8% K [Fe(CN),]. Then,
material for microscopic studies was processed for
transmission electron microscopy [4] and analyzed in
a JEM-1200EX.

Twelve animals (eight operated and four control)
designed for immunohistochemical (IHC) and histolo-
gical studies were anaesthetized with Nembutal (80
mg/kg b.w.) and perfused (see above) with 4% para-
formaldehyde in 0.1 M phosphate buffer. Then brains
were removed from the skull and postfixed with the
same fixative for 2 h. Tissue was subsequently infil-
trated in 10% sucrose in phosphate buffer, followed
by 20% and 30% sucrose solutions infiltration for
the following days, and cut on a cryostat (Leica). IHC
reactions and histological staining were carried out
on 40-um-thick free-floating or slide-mounted bra-
in sections. Primary antibodies (Abs) against NeuN
(1:1000, Chemicon), GFAP (1:1000, Chemicon), Bax
(1:400, Santa-Cruz) and active caspase 3 (1:200, Cell
Signaling) and secondary antibodies conjugated to
HRP (1:1000, Bio-Rad) were used. The HRP reaction
product was visualized with an SG kit (Vector, Vec-
tor Labs). For the analysis of cell morphology several
dyes were used. They were cresyl violet (Sigma), ha-
ematoxylin & eosin (Sigma), toluidine blue (Sigma)
and bisbenzimide (Hoechst; Sigma).

To control the immunostaining specificity we
performed an experiment in which the primary an-
tibodies were omitted in the incubation mixture. In
this experiment we did not detect immunolabelling
within the investigated brain sections.

Results

Unilateral surgical brain injury caused massive
cell degeneration and subsequently death within the
injured cortical area. On the fourth day following the
injury we observed cortical atrophy and the loss of
tissue within the operated region (Fig. 1).

In our histological investigations we found neu-
rons that had undergone necrosis and apoptosis, as
well, in the sections stained with cresyl violet, haema-
toxylin & eosin and toluidine blue (data not shown).
On the 4" day following the operation we observed
only a few necrotic swollen neurons and numerous
neurons with apoptotic appearance (for example, cell
shrinkage and chromatin condensation) and apop-
totic bodies. This result was confirmed by the bis-
benzimide (Hoechst) staining technique (Fig. 2). At
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the same time point the activation of astroglia was
detected in the proximity of the lesion (Fig. 3). Active
astrocytes became hypertrophic. We did not find any
apoptotic astroglial cells (data not shown).

Our data obtained from electron microscopy stu-
dies confirm these results. Within the area imme-
diately adjacent to the lesion we found numerous
places rich in neurons showing ultrastructural fe-
atures of cellular death. Some of them were charac-
terized by electron-dense organelles and nucleus.
These were so-called dark neurons (Fig. 4B). In ad-
dition to dark neurons (and neurons undergoing au-
tophagy; data not shown), the analyzed specimens

Fig. 1. The area of cortical degeneration on the
4t day following the operation

Operated

Fig. 2. Rat cerebral cortex stained by bisbenzimide (Hoechst). Left microphotograph shows section derived
from the control animal. Note the regular morphology of the cell nuclei. Right microphotograph shows section
derived from the operated animal four days following the lesion. Note the presence of necrotic swollen nuclei
(arrows) and apoptotic bodies (asterisks). White squares demarcate the border of the lesion

Control Operated

20 pm

Fig. 3. Cerebral cortex stained for GFAP (marker of astrocytes). Within the control cortex (left microphoto-
graph) astrocytes with unchanged morphology were detected. In the operated cortex (right microphoto-
graph) numerous astrocytes were detected. They became hypertrophic
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Fig. 4. Ultrastructure of control and dying neurons. A. Neuron with regular ultrastructure of the nucleus
with one invagination. Cytoplasm with normal organelles contains a few lipofuscin grains. B. Dark de-
generating neurons with shrunken cell bodies. Note dark, electron-dense cytoplasm. C. Necrotic neuron
with electron-lucent cytoplasm contains the remnants of organelles and dilated ER. Note strongly swollen
mitochondria and dispersion of polyribosomes. D. Apoptotic neuron with characteristic nuclear changes.
Note aggregation and marginalization of chromatin
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contained neurons with necrotic features (Fig. 4C),
characterized by electron-lucent cytoplasm with
a distinct nucleus containing loose, electron-lucent
chromatin. Among ultrastructurally altered neurons
we observed numerous cells containing electron-
dense cytoplasm with nuclei separated by a lucid
rim from the remainder of the cell. It was the most
interesting group of apoptotic neurons. The apop-
totic cells undergo shrinkage and grow denser and
their cytoplasmic organelles are condensed. Nuclear
chromatin is condensed and undergoes marginali-
zation close to the nuclear membrane (Fig. 4D). The
endoplasmic reticulum of these cells is dilated, but
the mitochondria do not change morphologically. In
some observed cells the nucleolus is disintegrated

Control

Neuronal apoptosis

and the nucleus is fragmented and packed into ve-
sicles, called apoptotic bodies, which may be pha-
gocytosed.

We tried to explain the mechanism of neuronal
apoptosis. The results obtained from the IHC stu-
dies showed an increase of immunoreactivity (IR) for
proapoptotic Bax protein in neurons localized in the
area where the cells are destined for death (Fig. 5).
Neurons from the control intact rats showed only
a slight constitutive immunoreactive signal.

The sections derived from control animals did
not show any staining for active caspase 3 (Fig. 6).
Following the surgical injury numerous neurons with
a strong IR signal for active caspase 3 were detected
in the perilesional cortical area.

Operated

Fig. 5. Immunofluorescent double-labelling of NeuN (neuronal marker) and Bax. Microphotographs show the
part of cerebral cortex derived from control and operated animals. In control rats Bax basal expression was
detected in neurons. Following the operation an increase of Bax immunoreactivity was observed in numerous

neurons located in the proximity of the injury
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Control

Caspase3

Operated

Fig. 6. Immunofluorescent double-labelling of NeuN (neuronal marker) and caspase 3. Microphotographs
show the part of cerebral cortex derived from control and operated rats. In the control animal the expression
of caspase 3 was not detected. Following the operation a strong induction of caspase 3 IR was observed in

many neurons located in the proximity of the lesion

Neurons immunopositive for Bax and caspase 3
often revealed morphological changes characteristic
of apoptosis, such as shrinkage of the pericaryon as
well as chromatin condensation.

Discussion

We studied the phenomenon of cell death follo-
wing surgical brain injury. Our investigations com-
pare morphological changes detected in dying cells
with the expression of proteins characteristic for
apoptosis (Bax and caspase 3).

We found that surgical brain injury causes mas-
sive neuronal degeneration and death within the af-
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fected cortical region. Neurons die via necrosis or
apoptosis but apoptosis is the major type of cell de-
ath in our experimental model. This result is in agre-
ement with numerous data collected from several
experimental models [6,19].

To explore the mechanism of neuronal apoptosis
we investigated the changes of the level of proapop-
totic protein Bax and active caspase 3 in the cortical
neurons following the injury and correlated it with
apoptotic signs. Apoptotic cells showed strong im-
munostaining for Bax and for active caspase 3, as
compared to neurons from intact controls. This result
suggests the involvement of both these proteins in
the neuronal apoptosis in our experimental model.
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Recent literature data confirm our results and show
the involvement of Bax and caspase 3 in neuronal de-
ath following several traumatic brain injuries [1,2].

Neuronal degeneration and death caused by sur-
gical injury is accompanied by the induction of astro-
glial cells in the perilesional cortical area. These cells
revealed a hypertrophic appearance. Many authors
have shown that the phenomenon of astrogliosis
takes place in the cellular response to several brain
injuries [7,8,22]. Our results are in agreement with
these data.

We did not find any dying astroglial cells at the
investigated time point, but there is a possibility
that apoptosis may occur in astroglia during another
period following the damage. The results collected
by other authors indicate that trauma may cause
apoptotic cell death in astrocytes or may not indu-
ce astroglial apoptosis [14,21]. This question is very
interesting but in our experimental model requires
further studies.

References

—

. Cernak I, Chapman SM, Hamlin GP, Vink R. Temporal characteri-
sation of pro- and anti-apoptotic mechanisms following diffuse
traumatic brain injury in rats. J Clin Neurosci 2002; 9: 565-572.

.Cregan SP, Maclaurin JG, Craig CG, Robertson GS, Nicholson
DW, Park DS, Slack RS. Bax-dependent caspase-3 activation is
a key determinant in p53-induced apoptosis in neurons. J Neu-
rosci 1999; 19: 7860-7869.

3.Fernandes-Alnemri T, Litwack G, Alnemri ES. CPP32, a novel

human apoptotic protein with homology to Caenorhabditis
elegans cell death protein Ced-3 and mammalian interleukin-1
beta-converting enzyme. J Biol Chem 1994; 269: 30761-30764.
4. Frontczak-Baniewicz M, Walski M. Glial scar instability after bra-
in injury. J Physiol Pharmacol 2006; 57 (Suppl 4): 97-102.
5.Guyton K Z, Liu Y, Gorospe M, Xu Q, Holbrook N J. Activation of
mitogen-activated protein kinase by H202. Role in cell survival
following oxidant injury. J Biol Chem 1996; 271: 4138-4142.
6.lkeda H, Suzuki Y, Suzuki M, Koike M, Tamura J, Tong J, Nomu-
ra M, Itoh G. Apoptosis is a major mode of cell death caused by
ischaemia and ischaemia/reperfusion injury to the rat intestinal
epithelium. Gut 1998; 42: 530-537.
7.Krum JM, Mani N, Rosenstein JM. Roles of the endogenous VEGF
receptors flt-1 and flk-1 in astroglial and vascular remodeling
after brain injury. Exp Neurol 2008; 212: 108-117.

8.Liao CW, Fan CK, Kao TC, Ji DD, Su KE, Lin YH, Cho WL. Brain

injury-associated biomarkers of TGF-betal, S100B, GFAP, NF-L,

tTG, AbetaPP, and tau were concomitantly enhanced and the

N

Folia Neuropathologica 2008; 46/3

Ne)

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

2

—

22.

23.

Neuronal apoptosis

UPS was impaired during acute brain injury caused by Toxocara
canis in mice. BMC Infect Dis 2008; 8: 84.

.Lin'Y, Kokontis J, Tang F, Godfrey B, Liao S, Lin A, Chen Y, Xiang J.

Androgen and its receptor promote Bax-mediated apoptosis. Mol
Cell Biol 2006; 26: 1908-1916.

Liu M. Tanswell K, Post M. Mechanical force-induced signal
transduction inlung cells. Am J Physiol 1999; 277: L667-1683.
Matyja E, Naganska E. Expression of apoptosis-related proteins
in model of anoxia in vitro. Folia Neuropathol 2005; 43: 23-29.
MclIntosh TK, Juhler M, Wieloch T. Novel pharmachological stra-
tegies in the treatment of experimental traumatic brain injury.
J Neurotrauma 1998; 15: 731-769.

Mielke K, Herdegen T. JNK and p38 stress kinases-degenerative
effectors of signal-transduction-cascades in the nervous sys-
tem. Prog Neurobiol 2000; 61: 45-60.

Newcomb JK, Zhao X, Pike BR, Hayes RL Temporal profile of
apoptotic-like changes in neurons and astrocytes following con-
trolled cortical impact injury in the rat. Exp Neurol 1999; 158:
76-88.

Nowoslawski L, Klocke B, Roth KA. Molecular regulation of acu-
te ethanol-induced neuron apoptosis. J Neuropathol Exp Neurol
2005; 64: 490-497.

Raghupathi R, Graham DI, McIntosh TK. Apoptosis after trauma-
tic brain injury. J Neurotrauma 2000; 17: 927-938.

Ray S K, Karmakar S, Nowak M, Banik NL. Inhibition of calpa-
in and caspase-3 prevented apoptosis and preserved electro-
physiological properties of voltage-gated and ligand-gated ion
channels in rat primary cortical neurons exposed to glutamate.
Neurosci 2006; 139: 577-595.

Samuel MA, Morrey JD, Diamond MS. Caspase 3-dependent cell
death of neurons contributes to the pathogenesis of West Nile
Virus Encephalitis. J Virol 2007; 81: 2614-2623.

Song JY, Lim JW, Kim HY, Kim KH. Role of NF-B and DNA repair
protein Ku on apoptosis in pancreatic acinar cells. Ann NY Acad
Sci 2003; 1010: 259-263.

Stanciu M, Wang Y, Kentor R, Burke N, Watkins S, Kress G, Rey-
nolds I, Klann E, Angiolieri MR, Johnson JW, DeFranco DB. Persi-
stent activation of ERK contributes to glutamate-induced oxida-
tive toxicity in a neuronal cell line and primary cortical neuron
cultures. J Biol Chem 2000; 275: 12200-12206.

. Wennersten A, Holmin S, Mathiesen T. Characterization of Bax

and Bcl-2 in apoptosis after experimental traumatic brain injury
in the rat. Acta Neuropathol 2003; 105: 281-288.

Zhanga L, Zhanga WP, Chena KD, Qiana XD, Fanga SH, Wei EQ.
Caffeic acid attenuates neuronal damage, astrogliosis and glial
scar formation in mouse brain with cryoinjury. Life Sci 2007; 80:
530-537.

Zhao W, Zhao Q, Liu J, Xu XY, Sun WW, Zhou X, Liu S, Wang TH.
Electro-acupuncture Reduces Neuronal Apoptosis Linked to Bax
and Bcl-2 Expression in the Spinal Cords of Cats Subjected to
Partial Dorsal Root Ganglionectomy. Neurochem Res 2008; Pu-
blished online: 10 April 2008.

219



