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EDUCTION OF HIPPOCAMPAL CELL DEATH AND PROTEOLYTIC
ESPONSES IN TISSUE PLASMINOGEN ACTIVATOR KNOCKOUT

ICE AFTER TRANSIENT GLOBAL CEREBRAL ISCHEMIA
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bstract—Knockout mice deficient in tissue plasminogen ac-
ivator (tPA) are protected against hippocampal excitotoxic-
ty. But it is unknown whether similar neuroprotection occurs
fter transient global cerebral ischemia, which is known to
electively affect the hippocampus. In this study, we tested
he hypothesis that hippocampal cell death in tPA knockout
ice would be reduced after transient global cerebral isch-

mia, and this neuroprotection would occur concomitantly
ith amelioration of both intra- and extracellular proteolytic
ascades. Wild-type and tPA knockout mice were subjected
o 20 min of transient bilateral occlusions of the common
arotid arteries. Three days later, Nissl and terminal deoxy-
ucleotidyl transferase biotin-dUTP nick end labeling stain-

ng demonstrated that hippocampal cell death was signifi-
antly reduced in tPA knockout brains compared with wild-
ype brains. Caspase-3 and the two major brain gelatinases
matrix metalloproteinase (MMP)-9 and MMP-2) were as-
essed as representative measurements of intra- and extra-
ellular proteolysis. Post-ischemic levels of caspase-3,
MP-9 and MMP-2 were similarly reduced in tPA knockouts
ompared with wild-type hippocampi. Taken together, these
ata suggest that endogenous tPA contributes to hippocam-
al injury after cerebral ischemia, and these pathophysio-

ogic pathways may involve links to aberrant activation of
aspases and MMPs. © 2007 IBRO. Published by Elsevier Ltd.
ll rights reserved.

ey words: excitotoxicity, anoikis, neuron, caspase, matrix
etalloproteinase.
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50
he hippocampus is selectively vulnerable to injury and
ell death after transient global cerebral ischemia (Kirino,
982; Pulsinelli et al., 1982). Multiple mechanisms have
een proposed to explain this phenomenon, including
athways of excitotoxicity, apoptosis, oxidative stress and
euroinflammation (Kirino, 2000).

One specific mediator that has been implicated in hip-
ocampal degeneration is tissue plasminogen activator
tPA). Whereas tPA plays a well-established role in blood
s a fibrinolytic factor, tPA is now recognized to also play
nique roles as a neuromodulator in brain. tPA can be
eleased by neurons in a calcium-dependent manner
Gualadris et al., 1996). tPA is essential for cerebellar
evelopment and learning (Seeds et al., 1990, 1995). And
PA and its associated plasminogen proteases have been
hown to participate in extracellular proteolysis and tissue
emodelling in the brain, especially within the hippocampus
Wu et al., 2000). tPA knockout (KO) mice demonstrate
lterations in long term potentiation (Baranes et al., 1998)
hereas transgenic mice overexpressing tPA show en-
anced long term potentiation (Madani et al., 1999). Some
f these processes may be relevant to pathology. Neurons
ultured from tPA KO mice are protected against hypoxia
nd oxidative stress (Nagai et al., 2001). Hippocampi in
PA KO mice are resistant to kainic acid injections, seizure-
nduced injury, and stress-induced neurodegeneration
Tsirka et al., 1995, 1996; Pawlak et al., 2005).

Many of these cellular mechanisms may be activated
n the pathophysiology of ischemic brain injury as well.
herefore, in the present study, we tested the hypothesis

hat tPA KO mice would be protected against global cere-
ral ischemia. Because there are many connections be-
ween the plasminogen system and other protease sys-
ems in brain (Lo et al., 2002), we also assessed the
ffects of tPA gene KO on the ischemic response of intra-
nd extra-cellular proteases such as caspases and matrix
etalloproteinases (MMPs) respectively.

EXPERIMENTAL PROCEDURES

ransient global cerebral ischemia

ll experiments were performed following an institutionally ap-
roved protocol in accordance with The National Institutes of
ealth Guide for the Care and Use of Laboratory Animals. The
tudy was performed with the assurance that a minimal number of
nimals was used and the experimental procedures did not sig-
ificantly cause animal suffering. Three- to 4-month-old male tPA
O mice and their corresponding wild-type (WT) littermates from

he C57Bl6 background were subjected to transient global cere-

ral ischemia, following standard techniques whereby cerebral

ved.
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erfusion drops below 15% after arterial occlusion (Lee et al.,
004). General anesthesia was maintained with 1% isoflurane via
acemask. Body temperature was monitored and maintained at
6.5–37.5 °C with a feedback heating pad. Both common carotid
rteries were carefully isolated from the adjacent vagus nerve and
ccluded for 20 min with micro-clips. To reperfuse, clips were
emoved and patency of arteries was confirmed by inspection.

nalysis of hippocampal injury

valuation of histological damage was performed in a blinded
anner on brain sections stained with 0.1% Cresyl Violet accord-

ng to the Nissl method. Viable neurons were defined as neurons
n which a clear nucleus could be seen. With Nissl staining,
schemic damaged neurons exhibit features including pyknosis
nd shrunken cell bodies. Hippocampal neuronal damage was
valuated using a standard semi-quantitative scale (Kawase et al.,
999): briefly, grade 0, no damage to any hippocampal subregion;
rade 1, scattered ischemic neurons in CA1 subregion; grade 2,
oderate ischemic damage in CA1 subregion (less than half of
yramidal cells affected); grade 3, severe damage to pyramidal
ells in CA1 subregion (more than half of pyramidal cells affected);
rade 4, extensive cell damage in all hippocampal subregions.
ote that the grading scale ultimately included all sectors of the
ippocampus because although the CA1 area is most well known
s being selectively vulnerable in rats, it has also been previously
hown that the CA2 “corner” is also damaged in mouse models of
ransient global cerebral ischemia (Yang et al., 2000; Cho et al.,
007). The nonparametric Mann-Whitney test was used to com-
are WT vs. KO brains. P�0.05 was considered significant.

elatin zymography

he brains were removed quickly, and the hippocampus was
issected. Brain tissue were prepared for either in situ or homog-
nate gel zymography as described previously (Lee et al., 2004).
or in situ preparations, brains were removed after transcardial
erfusion with ice-cold PBS (pH 7.4), and quickly frozen in 2-meth-
lbutane with liquid nitrogen. Sections (20 �m) were cut on a
ryostat and incubated in 0.05 M Tris–HCl, 0.15 M NaCl, 5 mM
aCl2, and 0.2 mM NaN3, pH 7.6, containing 40 �g of FITC-

abeled gelatin (Molecular Probes, Eugene, OR, USA), at room
emperature during overnight. The gelatin with a fluorescent tag
emains caged (no fluorescence) until the gelatin is cleaved by
elatinase activity. Note that this method detects regionally spe-
ific gelatinolytic activity but does not distinguish between MMP-9
nd MMP-2. For homogenates, lysis buffer including protease

nhibitors was used on ice. After centrifugation, supernatant was
ollected, and total protein concentrations were determined using
he Bradford assay (Bio-Rad, Hercules, CA, USA). Prepared pro-
ein samples were loaded and separated by 10% Tris–glycine gel
ith 0.1% gelatin as substrate. After separation by electrophore-
is, the gel was renatured and then incubated with developing
uffer at 37 °C for 40 h as described previously (Asahi et al.,
001b). After developing, the gel was stained with 0.5% Coomas-
ie Blue R-250 for 2 h and then distained appropriately. In all gels
uman MMP-2 standard (Chemicon, Temecula, CA, USA) and
urine MMP-9 standards were used as internal quantitation mark-
rs. Gel to gel variations are unavoidable. But since we load an
qual amount of MMP standard in each gel, the band intensity for

he standards may be different between different gels but should
epresent the same amount of MMP protein standard. Therefore
e can normalize band intensities between different gels by cal-
ulating everything as a ratio of the exact same amount of loaded
MP standards. All bands were quantified using ImageJ and

ntegrated band intensities expressed as a percentage to MMP-9
tandards. Means were calculated per each group and data ana-

yzed using ANOVA followed by the post hoc Tukey-Kramer test.

�0.05 was considered significant. p
mmunohistochemistry

ouble-label immunohistochemistry was performed to assess the
istribution of MMP-9 following previously published methods
Lee et al., 2004). Anesthetized animals were perfused transcar-
ially with ice-cold PBS, pH 7.4, followed with ice-cold 4% para-
ormaldehyde in PBS, pH 7.4. The brains were removed, im-
ersed with the same fixative overnight at 4 °C, and cryoprotected

n 15 and 30% sucrose solutions in PBS at 4 °C. Frozen coronal
ections (20 �m thick) were prepared using a cryostat. After
locking with PBS containing 0.2% Triton X-100 and 3% normal
oat serum, sections were incubated overnight at 4 °C with the
MP-9 rabbit polyclonal antibody (1:200; a kind gift from Dr.
obert Senior, Washington University, St. Louis, MO, USA) in
ombination with anti-NeuN monoclonal antibody (1:100; Chemi-
on) or anti-GFAP antibody (1:200; Chemicon) in PBS 0.2% Triton
-100 and 2% normal goat serum. Caspase activation was as-
essed using an activated caspase-3 antibody (1:200, Cell Sig-
aling Technology, Beverly, MA, USA). The sections were
ashed with PBS then incubated with secondary antibodies for 30
in. Negative control sections were not exposed to primary anti-
odies.

erminal deoxynucleotidyl transferase biotin-dUTP
ick end labeling (TUNEL) staining

UNEL staining was performed by using an in situ cell death
etection kit (Roche Molecular Biochemicals, Mannheim, Ger-
any). Nuclei of tissue sections were stripped of proteins by

ncubation with proteinase K (20 �g/ml in 10 mM Tris–HCl, at
7 °C) for 15 min. The slices were then washed in distilled water
nd PBS and incubated in 0.3% hydrogen peroxide. After equili-
ration, each section was incubated with 50 �l of TUNEL reaction
ixture including terminal deoxynucleotidyl transferase for 60 min
t 37 °C in humidified condition. Detection of double strand breaks

n genomic DNA was performed with 2,3=-diaminobenzidine tetra-
ydrochloride (DAB) (0.5 mg/ml in 50 mmol/L Tris–HCl buffer, pH
.4) as a substrate for the peroxidase. TUNEL-positive cells were
etected by observation of dark-brown staining nuclei in the tissue
ection.

RESULTS

s expected, delayed neuronal death occurs over the
ourse of several days after transient global cerebral isch-
mia. In our mouse models, Nissl staining of excised brain
t 3 days post-ischemia showed that pyramidal neurons of
he hippocampus were selectively damaged, with most of
he injury occurring in the medial CA1 sector and in severe
ases, including the CA2 “corner” as well (Fig. 1). Com-
ared with WT brains, neuronal injury in tPA KO brains
as significantly reduced (Fig. 1). TUNEL staining con-
rmed the presence of DNA damage within CA1 regions,

ndicative of cell death in WT hippocampi (Fig. 2).
Because TUNEL-positive markers have been associ-

ted with caspase-mediated cell death, we next examined
ippocampal caspase levels in our model. Caspase-3 was
ssessed as a representative marker of intracellular pro-
eolysis. In areas corresponding to CA1 neuronal death in

T brains, caspase-3 positive cells were observed (Fig.
). Within the limits of our immunostaining sensitivity, no
lear caspase-3 signal was detected in tPA KO hip-
ocampi, suggesting that it was markedly reduced com-

ared with the ischemic responses in WT brain samples.
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In addition to intracellular proteolysis, extracellular ma-
rix proteolysis has also been recognized as an important
athogenic mechanism in neuronal injury. Therefore, in-
ucible MMP-9 was assessed as a representative marker
f extracellular matrix degradation. Immunostaining con-
rmed the presence of MMP-9 positive cells in areas of
A1 hippocampal damage. MMP-9 signals appeared to
o-localize with both GFAP and NeuN positive cells, sug-
esting that both glial as well as neuronal elements were

nvolved (Fig. 4). To confirm that these MMP protein levels
ere active, in situ zymography was additionally per-

ormed. In situ gelatinase activity was upregulated in all
schemic CA1 regions of the hippocampus, but enzyme
ctivity appeared to be more pronounced in WT brains
ompared with tPA KO brains (Fig. 5). Finally, to quantify
hese MMP responses, gelatin zymography was per-
ormed on hippocampal homogenates. A clear upregula-
ion of the major brain gelatinases MMP-9 and MMP-2 was
etected in the hippocampus at 3 days after transient
lobal cerebral ischemia (Fig. 6). Densitometry showed
hat both MMP-9 and MMP-2 responses were significantly
educed in tPA KO hippocampal tissue compared with WT
issue (Fig. 6).

DISCUSSION

xperimental findings suggest that besides acting as a
brinolytic agent in blood, tPA might also play an important
ole in brain. tPA may interact with the NMDA receptor
omplex, thus amplifying deleterious excitotoxic currents
fter brain injury (Nicole et al., 2001). tPA may also act in

ig. 1. Nissl staining and neuronal cell death in the CA1 sub-region
schemic mice exhibit a severe loss of CA1 hippocampal neurons.
uantitative analysis (mean�S.E.M.) showing a significant reduction o
lobal transient ischemia. Scale bar�100 �m; * P�0.05; sham group
cytokine-like fashion and mediate microglial activation t
hus contributing to neuroinflammation (Gravanis and
sirka, 2005). The potential neurotoxic effects of tPA have
een especially well characterized in mutant mouse mod-
ls. KO mice lacking tPA show smaller infarcts in the
ortex (Wang et al., 1998) and reduced blood–brain barrier

njury (Tsuji et al., 2005) after focal cerebral ischemia. The
ritical role for excitotoxicity has been confirmed because
PA KO mice are protected against direct NMDA or kainate
njections into the hippocampus (Tsirka, 2002). Surpris-
ngly, however, tPA KO mice had never been examined as
o whether their hippocampi were directly resistant to ce-
ebral ischemia. In the present study, we demonstrated
hat genetic KO of tPA indeed protected CA1 neurons in
he hippocampus from delayed death after transient global
erebral ischemia, and that some of this neuroprotection
ay be associated with reductions in potentially damaging
rotease cascades. In particular, elevations in caspase-3
nd MMP-9 during the delayed ischemic progression of
ippocampal injury were significantly ameliorated by delet-

ng endogenous tPA.
The involvement of a form of programmed cell death in

he hippocampus after transient global cerebral ischemia
as been studied for some time. Many pathogenic mech-
nisms have been proposed to explain this neurobiological
ystery (Kirino, 2000). The involvement of apoptotic-like
rograms was demonstrated by the seminal finding of
hen et al. (1998), who showed that caspases were up-

egulated during the delayed progression of CA1 neuronal
eath. The central importance of intracellular proteases
as been supported by other studies showing that inhibi-

uronal staining in the normal sham-operated hippocampus. (B) WT
ced CA1 neuronal death in the tPA KO ischemic mice. (D) Semi-

ampal neuronal death in tPA KO mice when compared with WT after
T and KO ischemic groups, n�6 each.
. (A) Ne
(C) Redu
ion of calpains and cathepsins decreases ischemic brain
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njury and neurodegeneration (Yamashima, 2000; Ray and
anik, 2003). More recently, extracellular proteases such
s MMPs have also been shown to play key roles. It is
orth noting that both MMP-2 and MMP-9 were affected by

PA gene deletion in our model. We previously showed that
O mice lacking MMP-9 were protected against both focal
nd global cerebral ischemia (Asahi et al., 2000, 2001b;

ig. 2. TUNEL staining. No significant TUNEL positive cells were fou
ositive cells were significantly increased in the CA1 sector and in thi

ess TUNEL signals were noted in the ischemic tPA KO mice (E, F).
ig. 3. Caspase-3 immunohistochemistry. (A) No caspase-3 was detected in th
ells of the WT ischemic mice (B). In the tPA KO mice hippocampus, no casp
ee et al., 2004) whereas MMP-2 KOs were not protected
gainst focal ischemia (Asahi et al., 2001a). Which pro-
ease plays a more dominant role in the present tPA KO
ystem remains to be fully dissected. Nevertheless, our
verall data here are consistent with these general con-
epts, and suggest that the tPA protease cascade may
omehow be linked to aberrant induction of both caspases

hippocampus of control mice (A, B). In WT ischemic mice, TUNEL
case, the CA2 “corner” of the hippocampus as well (C, D). Markedly
s�300 �m in (A) and 50 �m in (B).
nd in the
e sham group while caspase-3 signals (arrows) were detected in CA1
ase-3 staining was detected (C). Scale bar�50 �m.
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nd MMPs. Others have suggested that tPA and associ-
ted activation of plasmin can degrade interneuronal ma-
rix such as laminin and thus trigger caspase activation in
n anoikis-like manner (Chen and Strickland, 1997). Sim-

larly, previous studies have suggested that by binding

ig. 4. MMP-9 immunohistochemistry showing co-localization of MMP
hat MMP-9 is expressed by activated astrocytes and neurons (C, F)
ig. 5. In situ zymography showing increased gelatinase activity in WT mice in
B, D). Scale bars�200 �m (A), 100 �m (C).
nto lipoprotein receptors, tPA can upregulate MMPs dur-
ng cerebral ischemia (Wang et al., 2003). Altogether, the
rue mechanisms underlying delayed ischemic cell death in
ippocampus will be complex and multifactorial. Neverthe-

ess, our data here suggest an important role for tPA,

with GFAP and NeuN reactive cells (B and E, respectively), indicating
1 sub-region. Scale bar�50 �m.
the CA1 sub-region after ischemia (A, C) compared with tPA KO mice
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erhaps as a candidate upstream trigger in the progres-
ion of intracellular and extracellular proteolysis.

Our primary finding that tPA KO mice were protected
gainst global cerebral ischemia is generally consistent
ith previous studies demonstrating similar protection
gainst focal cerebral ischemia and stereotactic injections
f excitotoxins (Tsirka et al., 1995, 1996; Wang et al.,
998). However, important differences should be noted in
odels involving exogenous infusions of tPA. In contrast to

hese data in mutant mice, we (Meng et al., 1999) and
thers (Klein et al., 1999) have failed to find that i.v. treat-
ent with recombinant tPA had any exacerbating effect on
euronal death in rat models of focal and global cerebral

schemia. These differences are not easy to explain. Ulti-
ately, it may be related to levels of tPA in blood versus
rain. Endogenous tPA expression in ischemic neurons
er se may evoke very different responses compared with
xogenous administration of tPA into vascular compart-
ents with possibly lower penetrance into brain.

Our present data may be clinically significant because

ig. 6. Gel zymography. (A) Representative zymogram displaying MM
ignificantly increased MMP-9 and MMP-2 levels compared than non-is
MMP-9 and hMMP-2 represent lanes loaded with murine MMP-9 (10
MP-2 (same 72 kDa MW as mouse MMP-2) standards respectively
MP standards, * P�0.05; normal controls, n�4; WT and KO ischem
PA remains the only FDA-approved treatment for acute a
schemic stroke. When ischemia is caused by occlusive
lots, thrombolysis with tPA has been shown to be clini-
ally effective. However, many caveats remain, and tPA
se remains restricted to less than 5% of all stroke pa-
ients. Even in properly treated patients, clinical improve-
ents after tPA may be sometimes modest, and there is a
oted elevation in risks of blood–brain barrier damage,
dema and cerebral hemorrhage (Kaur et al., 2004). It
emains to be determined whether these connections be-
ween tPA and excitotoxicity, microglial inflammation, and
rotease imbalances described here and by others in ex-
erimental model systems may truly explain some of our
linical experiences.

Taken together, our findings suggest that besides am-
lifying excitotoxicity and activating microglia, tPA may
lso contribute to hippocampal injury after cerebral isch-
mia via intra- and extracellular protease cascades. But
here are several important caveats in our study. First, it is
ifficult to unequivocally prove causality. It is possible that
he reductions in caspase and MMPs may be nonspecific

MMP-2 levels. (B) Ischemic WT mice (WT1 and WT2) demonstrate
ontrols (C1 and C2) and ischemic tPA KO mice (KO1 and KO2). Note:
d 97 kDa for assumed pro- and active forms respectively) and human
tensities (mean�S.E.M.) are expressed as percentage of the loaded
s, n�5 each.
P-9 and
chemic c
5 kDa an
nd simply due to decreased overall injury in the hip-
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ocampus. In order to truly establish causality, pharmaco-
ogic rescue or genetic reconstitution experiments would
ave to be carried out. Second, we do not truly know how
he intra- versus extracellular protease cascades are con-
ected. It is attractive to speculate that consistent with
ther studies (Chen and Strickland, 1997; Gu et al., 2002),
xtracellular proteolysis disrupted cell-matrix homeostasis
nd secondarily induced caspase activation in an anoikis-

ike manner. But others have also demonstrated that inhi-
ition of intracellular proteases such as cathepsins and
alpains can secondarily suppress MMPs after cerebral
schemia (Tsubokawa et al., 2006). Further in-depth time-
ourse studies would be required to dissect this issue in
ur model. Finally, our data mainly focused on proteases
nd we do not understand what substrates are involved.
ithin the cell, many caspase targets have been described

hat contribute to cell death, but what extracellular sub-
trates are critical for the MMP pathology here remains to
e defined.

Transient global cerebral ischemia is a major cause of
rain injury. A stereotyped response has been described
hereby pyramidal neurons in the select sectors of the
ippocampus undergo delayed cell death 2–5 days after

he initial insult (Kirino, 2000; Yang et al., 2000; Cho et al.,
007). Many different cellular mechanisms have been im-
licated in this delayed neuronal death phenomenon, in-
luding excitotoxicity, oxidative injury, and apoptotic-like
rogrammed cell death pathways. However, the precise
olecular mediators involved in this selective neuronal
eath in hippocampus remains to be definitively eluci-
ated. Our study demonstrates a central role of endoge-
ous tPA. By deleting the tPA gene, hippocampal injury
as reduced in concert with a broad amelioration of both

ntra- and extracellular protease imbalances. Further stud-
es are warranted to investigate whether the tPA–
aspase–MMP protease response cascade might be ex-
loited as a potential therapeutic target for cerebral

schemia.
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