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Abstract This study investigated the possible involve-
ment of matrix metalloproteinase 9 (MMP-9) in early brain
injury (EBI) of subarachnoid hemorrhage (SAH) in rats.
MMP-9 activities in hippocampus were examined at 6, 12,
24, 48 and 72 h after SAH. Laminin was detected by
immunohistochemistry. Apoptosis of neurons in hippo-
campus was observed by TUNEL. Brain water content was
also examined. MMP-9 activity and the number of apop-
totic neurons increased from 12 to 72 h with a peak at 24 h.
Laminin was found to decrease at 12 h, reached minimum
at 24 h and began to increase from 48 h, which had a
negative correlation with apoptotic neurons. The changes
of brain water content were found to be coincidence with
that of neuronal apoptosis. Our findings suggest that MMP-
9 is probably involved in the pathophysiological events of
EBI after SAH, through degrading laminin which leads to
neuronal anoikis of hippocampus.
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Introduction

Subarachnoid hemorrhage (SAH) is an important cause of
death and disability worldwide. In the past, researches have
concentrated primarily on cerebral vasospasm after SAH.
To date, there is still not a definitive treatment to absolutely
prevent brain injury after SAH. Early brain injury (EBI)
has been pointed to be the primary cause of mortality in
SAH patients [1]. Apoptosis occurred in neuronal tissues,
particularly in the hippocampus after SAH, is involved in
the pathological process of EBI. Neuronal apoptosis con-
tributes to cytotoxic edema, which usually develops early
after brain injury [2, 3].

Matrix metalloproteinase 9(MMP-9), which belongs to a
large family of endopeptidases that are able to cleave
extracellular matrix proteins especially laminin, has been
suggested mediating apoptosis which called anoikis after
neurological injury [4]. In the present study, we examined
the time course of MMP-9 expression, its substrate laminin
and the occurrence of apoptosis in hippocampus after the
initial bleeding. In addition, the brain water content was
also observed.

Materials and methods

This protocol was evaluated and approved by the Animal
Care and Use Committee at Chongqing Medical University
in Chongqing, China.

Experimental groups

One hundred and eight Sprague-Dawley male rats weighing

between 250 and 300 g were randomly assigned to two
groups: sham group and experimental SAH group.
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According to the time points of sacrificed animals, the
experimental SAH group was divided into five subgroups,
including 6, 12, 24, 48 and 72 h groups after SAH. Sham
group and each subgroup had 18 rats in which 6 were used for
examining the activity of MMP-9, 6 were used for observing
the expression of laminin and the apoptosis in hippocampus
and 6 were used for examining brain water content.

SAH rat model

Subarachnoid hemorrhage induction was performed in
experimental SAH group as reported previously with slight
modifications [5]. Briefly, rats were anesthetized with
chloral hydrate (40 mg/kg IP). Animals were intubated,
and respiration was maintained with a small animal respi-
rator (Harvard Apparatus). Rectal temperature was main-
tained at 37°C with a heating pad. At either side of the
skull, 3 mm from the midline and 5 mm anteriorly from
the bregma, hole was drilled through the skull bone down
to dura mater without perforation. Finally, a PE 10 canula
was introduced about 10 mm from the bone hole, and
250 pl blood was withdrawn from the femoral artery and
injected intracranially through the canula at a pressure
equal to the mean arterial blood pressure (80—100 mmHg).
Subsequently, canula was removed and incisions closed.

In sham group rats were treated by the same protocol as
described above except that no blood was injected into the
subarachnoid space.

Antibodies and reagents

Gelatin was purchased from Sigma. Rabbit polyclonal
antibody against laminin was purchased from Lab Vision
Corporation. TUNEL apoptosis assay kit was purchased
from Roche Diagnostics.

Brain water content

Rat brains were removed at 6, 12, 24,48 and 72 h (n = 6
per time point) after SAH. Immediately, the entire brain
was weighed after removal (wet weight) and again after
drying in an oven at 105°C for 24 h (dry weight) as
described by Xi [6]. Sham-operated control rats (n = 6)
were killed at 72 h. The percentage of water content was
calculated as [(wet weight — dry weight)/wet weight]/
100%.

Preparation of tissue extracts
At 6, 12, 24 48 and 72 h after SAH, rats (n = 6 per time
point) were deeply anesthetized with halothane and then

the brains were removed quickly and hippocampuses were
dissected and frozen immediately in liquid nitrogen, and
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stored at —80°C. Sham-operated rats (n = 6) were killed at
72 h. Brain tissue extracts were prepared as previously
described [7]. Briefly, brain samples were homogenized in
lysis buffer on ice. After centrifugation, supernatant was
collected, and total protein concentrations were determined
using the Coomassie Brilliant Blue method.

Gelatin zymography

Prepared protein samples were loaded and separated by
10% Tris-glycine gel with 0.1% gelatin as substrate. After
separation by electrophoresis, the gel was renatured and
then incubated with developing buffer at 37°C for 24 h.
After developing, the gel was stained with 0.5% Coomassie
Blue R-250 for 30 min and then destained appropriately.

Immunohistochemistry

To assess the changes of laminin in hippocampus after SAH,
rats were intracardially perfused with ice-cold PBS, pH 7.4,
followed with ice-cold 4% paraformaldehyde in PBS, pH
7.4, at 6, 12, 24, 48 and 72 h after the induction of SAH
(n = 6, per time point). Sham-operated rats (n = 6) were
killed at 72 h. The brains were removed, immersed with 4%
paraformaldehyde in PBS overnight at 4°C. Coronal sections
(5 pm thick) were prepared using a microtome. After
quenching endogenous peroxidase in 0.3% H,0, in PBS and
blocking with 5% normal goat serum, sections were incu-
bated overnight at 4°C with the laminin rabbit polyclonal
antibody (1:100). The sections were washed with PBS,
incubated with antirabbit IgG secondary antibody at 1:5,000
dilution for 1 h and followed by 1 h of incubation with an
avidin—horseradish peroxidase complex. Peroxidase was
visualized by incubation with diaminobenzidine (DAB)
substrate. Negative control sections received identical
treatment except for the primary antibody.

TUNEL

To assess the neuronal apoptosis in hippocampus after
SAH, brains were harvested and thereafter sectioned at
5 pm according to the above method. Sections at the level
of the hippocampus were stained according to the manual
of TUNEL kit. Briefly, brain sections were deparaffinaged,
permeabilized, treated with 0.3% H,O,, and incubated with
150 U/ml terminal transferase and 2 ml biotin-16-dUTP
for 1 h at 37°C. DNA degradation was visualized using
DAB.

Statistics

Data were expressed as mean + SD. Statistical differences
between individual groups were analyzed using one-way
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ANOVA and the correlation between expression of laminin
and apoptotic neurons was examined using correlation
analysis. P value of <0.05 was considered statistically
significant.

Result
Brain water content

No difference was detected in rats at 6 h compared with
sham (P > 0.05 versus sham). Significant increases
(P < 0.01, ANOVA,; Fig. 1) in brain water content were
detected in rat brains at 12 h, reached maximum at 24 h
and began to decrease from 48 to 72 h, but the brain water
content at 72 h after SAH was still higher than that of
sham-operated group(P < 0.01).

Gelatin activity of MMP-9

The time course of MMP-9 protein activity after SAH
was assessed in rat hippocampus (Fig. 2a). The proteins
extracted from the tissues were evaluated by Coomassie
Blue method before further analysis. MMP-9 protein
activity was evaluated by zymography. The results dem-
onstrated that the activity of MMP-9 was detected in the
hippocampus at 12 h after SAH, reached maximum at
24 h, stayed at a higher level at 48 h and was still higher
at 72 h than that of sham-operated group (P < 0.01,
ANOVA; Fig. 2b). According the gelatin zymogram, the
gelatinase activity of MMP-9 was not detected in the
sham-operated animals and 6 h group after SAH
(P > 0.05).

The brain water content of rat brains in Sham and SAH groups
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Fig. 1 The brain water content of rat brains in sham and SAH groups.
No difference was detected in rats at 6 h compared with sham
(P > 0.05 versus sham). SAH increased brain water content from 12
to 72 h (**P < 0.01 versus sham) with a peak at 24 h

Immunohistochemistry

Immunohistochemistry analysis of laminin expression
revealed the changes of laminin staining in hippocampus of
rats after SAH (Fig. 3a). Quantitative analysis of laminin
staining was performed in each group. The mean optical
density decreased from 12 to 72 h groups (P < 0.01 versus
sham, ANOVA; Fig. 3b) and reached minimum at 24 h

group.
TUNEL staining

Apoptotic neurons with condensed brown DAB precipitates
were observed in hippocampus of rats. TUNEL-positive
neurons with apoptotic bodies were found after 12 h after
SAH in the neurons of hippocampus (Fig. 4a). The number
of apoptotic neurons per ten fields in experimental SAH
groups was compared with that of sham-operated rats. In
hippocampus, the number of apoptotic neurons was sig-
nificantly elevated from 12 to 72 h with a peak at 24 h after
SAH (P < 0.01 versus sham, ANOVA; Fig. 4b).

The correlation between expression of laminin
and apoptotic neurons of hippocampus

There was a negative correlation between the expres-
sion of laminin and apoptotic neurons in hippocampus
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Fig. 2 a The activity of MMP-9 at each group in hippocampus of rats
by zymography. / Sham group, 2 6 h after SAH group, 3 12 h after
SAH group, 4 24 h after SAH group, 5 48 h after SAH group, 6 72 h
after SAH group. b Quantitative analysis for active 97 kDa MMP-9 in
relative optical density (mean + SD; n = 6). According the gelatin
zymogram, the gelatinase activity of MMP-9 was clearly observed in
the hippocampus. The activity of MMP-9 began to increased in the
hippocampus at 12 h after SAH (**P < 0.01 versus sham), reached
maximum at 24 h after SAH, maintained at a level at 48 h and was
still higher than that of sham-operated group (**P < 0.01) at hour 72

@ Springer



146

Neurol Sci (2010) 31:143-149

Fig. 3 a The expressions of
laminin in hippocampuses of
rats were observed in each
group by immunohisto-
chemistry. A Sham group, B 6 h
after SAH group, C 12 h after
SAH group, D 24 h after SAH
group, E 48 h after SAH group,
F 72 h after SAH group. b
Quantitative analysis of mean
optical density of laminin in
hippocampus of rats

(mean + SD; n = 6). The mean
optical density decreased from
12 to 72 h (**P < 0.01 versus
sham)
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Fig. 4 a The apoptosis of
neurons in hippocampuses of
rats were examined in each
group by TUNEL staining
(mean + SD; n = 6). A Sham
group, B 6 h after SAH group, C
12 h after SAH group, D 24 h
after SAH group, E 48 h after
SAH group, F 72 h after SAH
group. b Quantitative analysis
of apoptotic neurons in
hippocampus of rats

(mean + SD; n = 6).
According TUNEL staining, the
number of apoptotic neurons in
hippocampus was significantly
elevated from 12 to 72 h with a
peak at 24 h after SAH

(**P < 0.01 versus sham)
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from 12 to 72 h after SAH (r = —0.892, P <0.01). early phase after SAH. Increased MMP-9 gelatinolytic
It revealed that laminin degradation was associated  activity is related to apoptotic neurons by degrading

with the apoptotic neurons in hippocampus

during  laminin.
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Discussion

Subarachnoid hemorrhage is a devastating and complicated
disease which has a high rate of morbidity and mortality.
About 10/100,000 people suffer from an aneurysmal SAH.
Although there are some advances in treatment for SAH [8,
9], the rates of morbidity and mortality have not changed in
recent years [10]. Many researches have been designed to
reveal the pathophysiological mechanisms and improve
outcome of SAH. But to date, there is not a definitive
treatment modality to prevent or ameliorate brain injury
after SAH. More and more researchers have pointed out
that EBI is the primary cause of mortality in SAH patients
[1, 11], suggesting that EBI should be considered as a
primary target for future research. The term EBI has
recently been coined and refers to the immediate injury to
the brain as a whole, within the first 72 h of the ictus,
secondary to a SAH [12]. Therefore, EBI refers to the
events that occur in the brain tissue before cerebral vaso-
spasm, although the etiology of vasospasm may be related
to that of EBI, because they certainly share many of the
same characteristics.

Apoptosis has been extensively studied in diseases of
central nervous system and has been shown to be the
important form of cell death [13-15]. And during early
phase after SAH, apoptosis has been shown to be wide-
spread in the brain, especially in hippocampus, as a result
of the global ischemic injury, secondary to raised ICP and
decreased CBF [1, 12]. There are a number of apoptotic
pathways that are believed to play a role in SAH: the death
receptor pathway, caspase-dependent and -independent
pathways, as well as the mitochondrial pathway [16, 17].
Recent study has found that anoikis may play an important
role in apoptosis of hippocampal neurons in transient
cerebral ischemia [4].

Previously, it had been demonstrated that extracellular
matrix proteins such as laminin are important for cell
survival and prevention of anoikis, in which cells detach
from their matrix [18]. MMP-9 belongs to a large family of
endopeptidases that are able to cleave extracellular matrix
proteins, especially laminin [19]. It has been reported that
neuronal nitric oxide synthase could increase the activity of
MMP-9 by S-nitrosylation which could lead to laminin
cleavage [4]. Recently, the presence or activity of MMP-9
has been implicated as a negative prognostic factor in
human cerebral vascular disease [20-22].

In the present study, we evaluated the time course of
gelatin activity of MMP-9 and the association between
MMP-9 and apoptosis in rat hippocampus after SAH. It has
been demonstrated that after SAH, the activity of MMP-9
and its substrate, laminin, are significantly altered in hip-
pocampus of SAH rats at different time points. According
to the immunohistochemistry, expression of laminin was
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not significantly different with sham-operated rats at 6 h
after SAH, but began to decrease at 12 h and decreased to
the lowest level at 24 h. At 48 h after SAH, expression of
laminin began to increase, but was still lower than that of
sham group at 72 h. The decreased expression of laminin
accompanied the increased activity of MMP-9. According
to the TUNEL staining, TUNEL positive neurons were
detected in hippocampus at 12 h after SAH. The number of
TUNEL-positive neurons reached a peak at 24 h after SAH
in hippocampus. The association between the expression of
laminin and apoptotic neurons in hippocampus from 12 to
72 h after SAH showed a negative correlation. The deg-
radation of laminin led to the detachment of hippocampal
neurons from extracellular matrix, which called anoikis.
Therefore the expression and activity of MMP-9 may be
linked to the anoikis in hippocampus after SAH. Neuronal
cell death contributes to cytotoxic edema, which usually
develops early after brain injury [11]. In the study, we
found that the time course of brain edema was coincidence
with that of anoikis of neurons in hippocampus after SAH.
Thus, MMP-9 seems to have some relationship with
apoptosis in hippocampus after SAH.

In summary, we examined the time courses of gelatin
activity of MMP-9, laminin and anoikis of neurons in
hippocampus after SAH to show that MMP-9 contributes to
neuronal anoikis in hippocampus during EBI after SAH.
This is further supported by the finding that one of the
pathological phenomena of EBI, such as brain edema, is
associated with the neuronal anoikis. Meanwhile, we found
that the activity of MMP-9 still kept at a higher level at
72 h after SAH than that of sham rats suggesting MMP-9
may also play roles in the pathophysiological process of
delayed cerebral vasospasm. Therefore, we conclude that
targeting MMP-9 during EBI in SAH patients is a highly
promising therapeutic approach that deserves further
exploration.
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