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Abstract

Hypoxia-ischemia (HI) and excitotoxicity are validated causes of neonatal brain injuries and tissue plasminogen activator (t-
PA) participates in the processes through proteolytic and receptor-mediated pathways. Brain microvascular endothelial cells
from neonates in culture, contain and release more t-PA and gelatinases upon glutamate challenge than adult cells. We
have studied t-PA to gelatinase (MMP-2 and MMP-9) activity links in HI and excitotoxicity lesion models in 5 day—old pups in
wild type and in t-PA or its inhibitor (PAI-1) genes inactivated mice. Gelatinolytic activities were detected in SDS-PAGE
zymograms and by in situ fluorescent DQ-gelatin microscopic zymographies. Hl was achieved by unilateral carotid ligature
followed by a 40 min hypoxia (8%0,). Excitotoxic lesions were produced by intra parenchymal cortical (i.c.) injections of
10 ug ibotenate (Ibo). Gel zymograms in WT cortex revealed progressive extinction of MMP-2 and MMP-9 activities near day
15 or day 8 respectively. MMP-2 expression was the same in all strains while MMP-9 activity was barely detectable in t-PA~/~
and enhanced in PAI-1~/~ mice. Hl or Ibo produced activation of MMP-2 activities 6 hours post-insult, in cortices of WT mice
but not in t-PA™/~ mice. In PAI-1~/~ mice, HI or vehicle i.. injection increased MMP-2 and MMP-9 activities. In situ
zymograms using DQ-gelatin revealed vessel associated gelatinolytic activity in lesioned areas in PAI-1~/~ and in WT mice.
In WT brain slices incubated ex vivo, glutamate (200 uM) induced DQ-gelatin activation in vessels. The effect was not
detected in t-PA~/“mice, but was restored by concomitant exposure to recombinant t-PA (20 ug/mL). In summary, neonatal
brain lesion paradigms and ex vivo excitotoxic glutamate evoked t-PA-dependent gelatinases activation in vessels. Both
MMP-2 and MMP-9 activities appeared t-PA-dependent. The data suggest that vascular directed protease inhibition may
have neuroprotection potential against neonatal brain injuries.
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Animal models of neonatal brain injury have allowed partial
understanding of lesion occurrence mechanisms. In the absence of
tissue plasminogen activator (t-PA) the volume of excitotoxic
lesions caused by intracerebral excitotoxin ibotenate injection was

Introduction

Neonatal brain injuries are strongly associated to neonatal death
or later disability in children. Besides a wide range of genetic

defects, cerebral lesions acquired after hypoxia-ischemia and/or
intracranial hemorrhage in the perinatal period predominates in at
term and preterm infants, respectively. In Europe, the incidence of
cerebral palsy vary in range from 1.5 to 2.5 per 1000 live births
with little variation depending on state [1,2]. Despite progress in
the fields of obstetrics and neonatology, the rates of neurological
disabilities in at term or preterm infants in the 1990s were
comparable to those observed in the early 1960s [3]. The
development of therapies is difficult because lesions occur while
brain maturation is still ongoing in this period and maturity is
different depending on brain regions. In fact, therapeutic
interventions could also interfere with developmental processes
in brain as well as periphery.
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reduced in rodent neonates [4]. Under hypoxia-ischemia para-
digm t-PA expression and activity are increased in hours after
insult [5]. Deleterious potential of t-PA involved several mecha-
nisms including inflammation cell activation in the neonatal brain
[6]. The effect of t-PA partly depended on plasminogen activation
since plasmin inhibitors reduced injuries in WT [5,6] and had no
effect in +PA™/" mice [6]. In adult ischemia degradation of
vascular matrix proteins involve plasmin and matrix metallopro-
teinases (MMPs). Amongst MMPs, gelatinases (MMP-2, MMP-9)
activity and expression are up-regulated after stroke [7]. MMP-9
appeared more likely the protease involved in endothelium basal
lamina degradation and promote blood-brain barrier (BBB)
disruption [8,9], brain edema, infiltration of inflammation cells,
and brain parenchyma damage [10,11]. A relevant connection
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between neonatal stroke and MMP rely on the observation that 1)
increased MMP-9 and its inhibitor TIMP-1 levels were detected in
neonates brain 24 h after hypoxia-ischemia [12], 2) MMP
inhibitors are neuroprotective in neonatal stroke [13], 3) genetic
alteration of collagen-IV correlates with porencephaly in neonates
[14].

Recombinant t-PA thrombolytic therapy is performed in the
management of stroke in adults [15,16], but in addition to valuable
fibrinolytic plasminogen-dependent activity, exogenous t-PA
favors post-ichemia hemorrhage transformation, an effect limited
by MMP inhibition in animal and in man [17-19]. In adult stroke
patients undergoing t-PA thrombolysis and in animal models of
ischemia, t-PA up-regulated plasma levels or brain MMP-9, while
levels were reduced in t-PA knockout mice [20,21]. Moreover,
chemical activation of pro-MMP-9 zymogen by NO was reported
in ischemia after t-PA dependent production [22].

In keeping with the variety of mechanisms involving t-PA and
gelatinases, it is possible that the beneficial effect observed by
inactivation of t-PA in neonatal animals results from gene
repression and/or reduced activation of gelatinases. To test this
hypothesis, we have used excitotoxic and hypoxo-ischemic
experimental brain injuries in wild type and in genetically
engincered (t-PA or PAI-1 knockout; t-PA™/7, PAI-17/")
neonatal mice.

Materials and Methods

Animals

PAI-1 or t-PA knockout mice in C57Bl6/129 background (t-
PA™/" in 87.5/12.5% ratio and PAI-1""" in 75/25% ratio,
respectively) were used and compared to respective wild type (W'T)
hybrids [23,24]. Animals were housed in controlled temperature,
humidity and day/night 12/12 hour cycle, with water and food ad
libitum. A total number of 194 neonates have been used for the
study.

The hypoxia-ischemia procedure derives from the procedure
described in P7 rats [25] adapted to 5 day-old (P5) mice (day of
birth counted P1). Right carotid ligation was performed under
anesthesia with isoflurane (4% induction and 2% maintenance).
Animals were returned for 1 h to their dam, and then submitted to
40 minutes hypoxia (O9/Ny ratio 8/92%). Temperature was
maintained all along surgery by a heating carpet and then hypoxia
was performed in a humidified and thermostated (33°C)) device.
Sham-operated animals were anesthetized, right carotid released
but no ligation or hypoxia was done.

Excitotoxic insult by intra-cortical (i.c.) injection of 10 ug
ihotenate (Sigma-Aldrich, Saint-Quentin-Fallavier, France) in
phosphate buffered saline (PBS) was performed under 4%
isoflurane anesthesia at P5 according to the protocol previously
described [26]. Briefly, a 26-gauge mounted on a Hamilton
syringe micro-dispenser device was inserted 3 mm below skin
surface by an expert investigator approximately 3.5-3.7 mm from
frontal border of olfactory bulb and 1,2 mm lateral to median line
a posteriori confirmed with atlas [27]. Two 1 ul injections were
performed accompanying device retraction at 10 seconds interval.
Ten seconds were waited before needle complete retraction.
Control animals received 2 pl vehicle instead of ibotenate.

Ethics Statements

All procedures used were approved by the regional ethics
committee for animal experimentation of Normandy (Agreement
n° N/04-09-06/17 for intracerebral (i.c) injections and n° N/01-
02-09/05/02-12 for hypoxic-ischemic procedure) and conducted
in accordance with French law and recommendations of the
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National Institute for Health and Medical Research (INSERM)
under supervision of authorized person (PL; Agrement, n° 76-A-16
reconducted n° B76-16, December 2012).

Chemicals

Acetic acid, aprotinin, bovine serum albumin (BSA), calcium
dichloride (CaCl2), Coomassie blue, ethanol, glycerol, glutamate,
isopentane, ibotenic acid, isolectinB4-TRITC complex, PBS,
sodium azide (NaN3), TritonX-100, Trizma Base, were from
Sigma-Aldrich (St Quentin Fallavier, France). Dizocilpine (MK-
801) was obtained from Tocris (R&D, Lille, France). SDS-PAGE
Tris-glycine gel (containing 0.1% gelatin as gelatinases substrate),
renaturation buffer, developing buffer and DQ-gelatin (used for in
situ zymography) were from Invitrogen (Cergy Pontoise, France).
DQ-gelatin consists of highly quenched, fluorescein-labeled
gelatin, in which proteolytic digestion unmask green fluorescence
visualized as an index of gelatinolytic activity. The gelatinase
inhibitor SB-3CT was from Biomol (Lonza Sales LTD, Basel,
Switzerland). Paraformaldehyde (PFA) was from Labonord
(Templemars, France). Human recombinant t-PA (hrt-PA;
Actilyse) was from Boerhinger Ingelheim (France).

SDS-PAGE Gelatin Zymography

Gelatin  zymograms revealed matrix metalloproteinase-2
(MMP-2) and MMP-9 activities in brain homogenates. The brains
were quickly removed, separated into ipsilateral (injured) and
contralateral cortices, frozen in liquid nitrogen and stored at -80°C.
for a maximum of 8 weeks. Frozen tissues were rapidly
homogenized in ice-cold lysis buffer containing 50 mM Tris,
150 mM NaCl and 0.5% TritonX-100, pH =7.4. After centrifu-
gation, supernatants were collected, and protein concentrations
were determined by Bradford assay (Sigma). Proteins were loaded
(80 ug/well) and separated by electrophoresis. Then the gels were
incubated in renaturation buffer for 30 min at room temperature
(RT) and equilibrated in developing buffer for another 30 min.
After transfer in fresh developing buffer, gels were incubated for
48 h at 37°C, stained in 0.5% Coomassie blue for 25 min and
finally distained in 40% ethanol and 10% acetic acid. For
determination of MMP-9 activities in lesion models 5-7 days
incubations were necessary to detect activities. Light stripes on
blue background indicate gelatin digestion in the gel by the
gelatinases. Digital images of the gels were scanned using a Biorad
device (Philadelphia, USA). Images were analyzed using Image]
v.1.34 software (National Institutes of Health, Bethesda, MD).
Surface and intensity of the bands were integrated with a color
deconvolution algorithm, included in the Image] software and
MMP activities expressed in arbitrary units. Two to 4 brains per
age and genotype were used for ontogenic study. Zymograms from
lesioned animals were performed at least 3 times.

In situ Zymography

In situ gelatinolytic activity test was performed on 20 um frozen
brain sections. Frozen sections were thawed and incubated for 4 h
at 37°C in 200 uL. of 0.5 M Tris buffer (pH 7.6) containing
1.5 mM NaCl, 50 mM CaCly, 2 mM NaNj and 100 pg/mL DQ-
gelatin in a humid chamber. After incubation sections were rinsed
in PBS and fixed with PFA 4% on ice for 10 min, and then cover-
slipped in PBS glycerol (50/50%). Sections were observed using an
mverted Leica DMI6000 fluorescence microscope (Leica micro-
systems, Saint-Jorioz, France) and with a L5 and N2.1 filters for
FITC and TRITC visualization, respectively. Image analysis was
performed using Metamorph software (Roper Scientific, Evry,
France).
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Figure 1. Ontogeny of gelatinase activity. Gelatin zymograms of
mouse cortical homogenates prepared at postnatal days 1 (P1), to P60,
in WT, t-PA~’~ or PAI-17/~ animals. MMP-9 and MMP-2 activities are
detected at 70 and 90 KDa respectively.
doi:10.1371/journal.pone.0071263.g001

Lectino-histochemistry

Vessel labeling in the brain slices was achieved with isolectin-B4,
a protein capable of scoring carbohydrates at the surface of
vascular endothelial cells. The sections were put in incubation
buffer (0.1 M PBS containing 0.3% TritonX-100 and Isolectin-
B4-TRITC complex (1/50)) at 4°C overnight. After three rinses in
PBS, the slices were mounted under coverslips in PBS/glycerol

(50/50%).

Ex vivo Slice Zymographies

Brain slices were obtained from WT or PA™’~ P5 mice.
Animals were sacrificed by decapitation and their brains
immediately placed into ice-cold artificial cerebrospinal fluid
(aCSF; pH 7.4) containing (in mM): NaCl; 125, KCI; 3, CaCly; 2,
NaH,POy; 1.2, MgSOy; 1.2, NaHCOs; 26, D-glucose; 10.
Transverse slices (250 pm) were cut at 4°C using a vibrant
microtome VT1000S (Leica-microsystems, Rueil-Malmaison,
France). Symetric hemi-slices were separated in 300 ul aCSF
wells and incubated in the presence of isolectin-B4-TRITC
complex (1/50) for 30-min in a cell culture incubator (at 37°C
i a 5% COy humidified atmosphere). After 3 washes with aCSF
(b min each) symmetric hemi-slices were incubated for 3 h with
FITC-DQ-gelatin (1/25), in the presence of glutamate alone
(200 uM), or associated with aprotinin (20 KIU/mL), The natural
neurotransmitter glutamate was preferred to Ibotenic acid in this
test as it is able in vitro to activate glutamate receptors, contrarily
to in vivo paradigms in which uptake mechanisms prevent its
toxicity. MK-801 (10 uM), SB-3CT (0.6 pM), hrt-PA (20 ug/mL)
or combinations. Double labellings were observed under fluores-
cence microscope. Each experiment was reproduced 3 times in 2—
3 slices per condition obtained from animals of each genotype.

Statistical Analysis

Quantitation of gel zymogram was expressed as % of relative
signal in control track (* standard error). Statistical comparisons
were conducted using two way- Anova followed by Bonferronni
test for intergroup comparisons and Student’t test. Differences with
p<<0.05 were considered significant. Statistical analyses are
performed using the Graph-Pad Prism 4 software (San Diego,
CA USA).

Results

Ontogeny of Brain Gelatinase during Development
Gelatinolytic activity decreases with age in W'T neonatal brain.
MMP-2 activity progressively decreased from birth to become
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Figure 2. Quantification of gelatinase activities in cortical
extracts 6 hours after insults in P5 mice. MMP-2 (A,C,E) and MMP-9
(B,D,F) gelatinolytic activities measured in hypoxia-ischemia (A,B),
ibotenate excitotoxic paradigm (C,D) and PBS injection trauma (EF).
Data are expressed relative to the average densitometry in WT mice. *
indicate significant difference with activity in respective controls, i.e. WT
sham operated (A,B), PBS injected (C,D) or non-treated animals (E,F).
*p<0.05; **p<0.01; ***p<0.001 vs WT controls, #*#p<0.001 and
###5<0.,001 vs PAI-17/~ controls. Numbers in parentheses indicate
the number of animals used. ND; non detected upon standard
incubation.

doi:10.1371/journal.pone.0071263.g002

hardly detectable from P15 onwards. MMP-9 activity was lower
than MMP-2 at all stages and became undetectable around P8
(Fig. 1A). Inactivation of t-PA or PAI-1 gene did not change the
ontogenic expression patterns of MMP-2. Conversely MMP-9 that
was hardly detected in WT was undetectable upon standard
incubation in t-PA™’" brain as early as P1. Reciprocally, in PAI-
177" neonates, high MMP-9 activity was detected, in the first two
days, then progressively decreasing up to P15.

Effect of hypoxia-ischemia on Gelatinase Zymograms
The effect of HI on gelatinase activities in gels was studied at P5
in WT, PA™"" and PAI-1~/~ pups. Two-way Anova revealed
significant effects of HI on MMP-2 activity, 6 hours after the end
of the procedure (p<<0.0l), and an interaction of treatment and

August 2013 | Volume 8 | Issue 8 | e71263



Hypoxia-lschemia

WT t-PA/-

A

Vascular Gelatinases in Neonate Brain Lesions
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Figure 3. /n situ gelatinolytic activity labeling 6 h after hypoxic-ischemic procedure. Gelatinolytic activity (green) and vessel labeling by IB4
(red) were obtained in WT (A-D), t-PA~/~ (E-H) and PAI-1~/~ (I-L) mice. Low magnification observation of gelatinolytic activity (A,E,l). Note gross
tissue alteration in PAI-1~/~ and low level of fluorescence in t-PA~/~ mice sections. Higher magnification allows to visualizing micro-vascularization.
Gelatinolytic activity is hardly detectable on vessels in WT (B-D), while it is undetectable in t-PA~'~ (F-H) and high in PAI-1 ~/~ (J-L) mice. Arrowheads
point to spots of high activity; arrows point to microvessels. ISZ; in situ zymographic activity; Ib4; isolectin B4 vessels labeling.

doi:10.1371/journal.pone.0071263.9003

genotype (p<<0.01). MMP-2 activity was increased by 90% in WT
and 84% in PAI-1~/" mice (p<<0.001), while no significant
increase was observed in -PA™/" mice (Fig. 2A). HI effect on
MMP-9 activity studied by two-way Anova revealed a slight effect
only in PAI-1~/" mice (+17%; p<<0.01) even if basal activity was
high in this group (166% of W' control; p<<0.001) (Fig. 2B). Very
long term incubation of t-PA™/~ mice brain extracts allowed to
revealing low MMP-9 activity at the same level in sham and HI
exposed animals (not shown).

Effect of Ibotenate Injections on Gelatinase Zymograms

Ihotenate effects were tested in WT and t-PA™/~ mice but not
in PAI-1™/" mice in which it produced huge hemorrhage
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(Fig. 2C-D). Control intracortical PBS injections induced micro-
trauma. Their effects were investigated in WT and in PAI-1~/~
mice in which t-PA activity was putatively dysregulated (Fig. 2E,F).

Ibotenate injection significantly increased the two gelatinase
activities in W'T mice cortex 6 hours after injection. MMP2 and
MMP-9 activities were increased by 116% (p<<0.001) and 181%
(p<<0.01), respectively). These effects were dependent on t-PA
since MMP-2 activity was unaffected in t-PA™/~ mice (Fig. 2C) as
well as MMP-9 revealed after prolonged incubation in these mice
(not shown). Intracortical injection of PBS had no effect on MMP-
2 activity in WT mice, but produced a 104% increase in MMP-9
activity (p<<0.05)(Fig. 2E, F). In PAI-1 /™ mice the single injection
of PBS i.c. induced 132% and 81% increases in MMP-2 (p<<0.001)
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PBS

Figure 4. In situ gelatinolytic activity labeling 6 h after ibotenate injection. Ibotenate was injected in WT (A-C) and in t-PA™/~ (D-F) mice
and PBS (control) was injected in WT (G-I) and PAI-1~/~ (J-L) mice. Ibotenate induced high gelatinolytic activity spots in WT but not in t-PA~/~ mice
(A,D), but did not induce activity in microvessels (C,F). PBS controls in WT did not exhibit enhanced gelatinolytic ativity (G-I) but a strong intracellular
activity together with vessel activity in PAI-1~/~ (J-L) mice. Arrowheads point to spots of high activity; arrows point to microvessels. ISZ; in situ

zymographic activity; Ib4; isolectin B4 vessels labeling.
doi:10.1371/journal.pone.0071263.9004

and MMP-9 (p<<0.001) activities, compared to non-injected
respective controls. The comparison of PBS i.c. effects in WT or
PAI-17" mice on MMP-9 activity did not reveal any interaction
in two-way Anova confronting genotype and insult, even if basal
activity in PAI-1~/~ mice were much higher (Fig. 2F). In fact the
amplitude of MMP-9 activity increase observed in i.c. PBS
injected mice was similar in both groups. Of note, 86.5% of i.c.
PBS injected PAI-1~"~ pups exhibited parenchymal hemorrhage
24 h post-insult while no hemorrhage was observed in any other

group.

Effect of hypoxia-ischemia on Gelatinolytic Activity in situ

In situ gelatinolytic visualization revealed spots of high activity in
the somatosensory cortex and in the hippocampus in WT animals
(Fig. 3A), while no sign of enhanced activity was notable in sections
from t-PA™’" mice (Fig. 3E). In WT mice, in situ gelatinolytic
activity in vessels was present (Fig. 3 B-D), although it was hard to
visualize due to much higher intensity in nervous cells nuclei
located around (Fig. 3 F-H). Such an activity was not detected in t-
PA™/" mice (Fig. 3F-H). In PAI-1"’" mice, the tissue was
particularly altered with intense gelatinase activity spots (Fig. 3I).
In these animals, gelatinase activity was also detected on the blood
vessels labeled by isolectin B4 (Fig. 3]-L).

PLOS ONE | www.plosone.org

Effect of Ibotenic Acid Injections on Gelatinolytic Activity
in situ

Ibotenic acid injections in WT mice resulted in intense
gelatinolytic spots of activity largely over-spanning cells (Fig. 4A)
compared to injection of PBS that did evoke sparse activity spots
(Fig. 4G). The labeling of vessels with IB4 did not reveal
gelatinolytic activity in vessels, although the very intense signal
in spots may mask much lower activities in vessels (Fig. 4B,C). In t-
PA™/" mice ibotenate did not evoke gelatinolytic activity in nerve
cells (Fig. 4D) nor in vessels (Fig. 4E,F). In PAI-1~/~ animals, the
sole injection of PBS clearly evoked gelatinolytic activity in vessels
(Fig. 4J-L). No such effect was observed in WT mice (Fig. 4H-I).

Long Term Effects

The effects of hypoxia-ischemia, ibotenic acid or PBS injection
at P5 in the different types of mice were examined 5 days after
insults. 5 days after HI, MMP-2 activity in gel had returned to
basal activity in all animals. No significant difference was observed
in the different groups (not shown).

In WT mice, the injection of PBS did not produce significant
hemorrhage and most of time any tissue damage detectable in
cresyl violet staining 5 days post-insult [4,28]. Conversely, in PAI-
1=/ pups, the injection trauma produced delayed hemorrhage
(from 24 hours post injection onwards) with recurrences for several
days (unpublished observation). In these animals, gelatinolytic
activity in spots and in vessels were detected m situ 5 days after
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Figure 5. /n situ and in vitro gelatinolytic activity 5 days after PBS injection in WT and PAI-1~/~ mice. Effect of PBS intracortical injection
in WT (A-C) or PAI-1™/~ (D-F) 5 days post-insult. Gelatinolytic activity remained elevated in PAI-1 ~/~ mice in cell nuclei, in extracellular spots and in

vessels. (G) Gel zymogram of gelatinase activity in PAI-1~/~

mouse cortex 5 days after PBS injection at P5 and non-injected control. (H) Quantification

of MMP-2 and MMP-9 activities in gels. Arrowheads point to spots of high activity; arrows point to microvessels. Numbers in parentheses indicate the
number of animals used. *p<<0.05 compared to corresponding controls, according to Student't test.

doi:10.1371/journal.pone.0071263.g005

trauma (Fig. 5D-TF), while it had returned to basal level in WT
mice (Fig. 5A-C). In PAI-1~/~ mice, global MMP-9 activity in gel
was enhanced (+71%, p=0.012, according to Student’ ¢ test),
while the modest increase in MMP-2 activity (+41%) did not reach
statistical significance (Fig. 5G,H). In all other contexts; HI or
ibotenate injections in WT or t-PA™’" mice, no MMP-9
activation was detected after 5 days (not shown).

Ex vivo Gelatinase Assay in Slices

Ex vivo W'T brain slice incubations in aCSF allowed to reveal
gelatinase activity in cells but not in vessels (Fig. 6A—C). Glutamate
(200 pM) exposure induced vascular gelatinase activities (Fig. 6D—
F). The effect of glutamate was reversed by co-incubation with the
NMDA receptor blocker MK801, the plasmin inhibitor aprotinin
or the gelatinase inhibitor SB-3CT (not shown).

In -PA™’~ mouse slices, glutamate (200 uM) failed to induce

gelatinase activation in vessels (Fig. 6G—I) while combination of

glutamate with hrt-PA (20 pg/mL) evoked gelatinase activation in
vessels (Fig. 6]J-L). hrt-PA used alone was also able to induce DG-
gelatin cleavage in some microvessels (not shown).

Discussion

Ontogenic study shows that gelatinase activity decreases during
brain development to undetectable levels after the first two weeks
postnatal. MMP-2 profile obtained in C57B16/129 hybrids is very
similar to the profile described in C57BI6 mice. Basal MMP-9
activity disappeared earlier, detected up to P5 in this strain
although it was not observed postnatally in Swiss mice [29]. Few
studies described roles for MMP-2 and MMP-9 in neurogenesis,

neuron migration and oligodendrogliogenesis during brain devel-
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opment [30]. In rats, MMP2/9 transcripts, proteins and activities
decreased along with post-natal cerebellar histogenesis [31]. The
decline observed in the present study, similar for MMP-2 activity
in WT, -PA™/" and PAI-1™/" neonates, appeared t-PA/PAI-1
dependent for MMP-9 activity, evocative of a positive relationship
with t-PA levels; null in -PA™/", regulated in WT and likely
elevated in PAI-1~/" animals. This implies that t-PA is a positive
regulator of basal MMP-9 activity in postnatal cortical develop-
ment in mice.

The effects of t-PA may arise by plasmin activation which would
in turn cleave pro-MMP-9 zymogen [32] or by MMP-9 expression
evoked by t-PA through LRP-1 receptor activation [33]. Recently
the action of the t-PA-PAI-1 complex was shown an inducer of a
MMP cascade through LRP-1 activation in brain trauma resulting
in vascular permeability and oedema [34]. Indeed endogenous t-
PA activity at LRP1 is associated with weakening of perivascular
unit in ischemia [35] and may lead to hemorrhage transformation
of infarct post-ischemia [17]. The potentiating effect of t-PA in
NMDA glutamate receptor efficiency may also result in gelatinase
activity by enhanced nitric oxide (NO) synthesis and release
[22,36]. In fact NO is able to promote MMP-9 activation by
nitrosylation of cysteine in the enzyme pro-domain thus unmask-
ing the catalytic site [37-39]. In rat neonates, HI also provokes
acute induction of plasminogen activators (t-PA and urokinase)
that did not occur in adults [5].

It is generally accepted that MMP activities increase in
pathological conditions but unraveling the cellular sources of
gelatinases remains complex [10,13]. In situ gelatinolytic studies
show that both intra- and extracellular activities were elicited
under noxious conditions. The actual selectivity of DQ-gelatin
does not allow to identifying the MMP subtypes activities detected
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Figure 6. Vascular gelatinolytic activity labeling in 5 day-old mice brain sections exposed to glutamate and hrt-PA. Gelatinolytic
activity (green) and vessel labeling by 1B4 (red) were obtained in WT (A-F) or t-PA™/~ (G-L) mouse brain sections (250 um thick) after 3 hours ex vivo
exposure to control medium (A-C), glutamate 200 puM alone (D-I) or in association with 20 ug/mL hrt-PA (J-L). Arrows point out gelatinolytic activity

in vessels. Bar=200 um.
doi:10.1371/journal.pone.0071263.g006

in nuclei. However it is likely that they participate in neuron
survival or death fate, rather than in vascular impairment [40—42].
The extracellular spots detected in HI in WT and PAI-1~’" or
ibotenate injected mice may be due to MMP-9 microglial release
as previously described [43]. In vessels endothelial and pericyteal
locations could occur, but @ situ zymograms images are also
compatible with vascular basal lamina matrix-linked activity
resulting from cleavage of resident pro-enzymes. The present
observations that in WT mice HI elicited MMP-2 but not MMP-9
activation in crude extracts, suggest a t-PA to MMP-2 activation
link mechanism that may not require MMP-9 activation. Although
a t-PA-MMP-9 activation link is often reported in the literature, a
t-PA-MMP?2 link is not referred to [44]. However, the role of
MMP-2 in ischemia was reported in adult models, in which its
rapid eclevation mediated BBB impairments [44,45]. In human
neonates, such an effect on basal lamina impairment and vessel
weakening is likely since MMP-2 activity is localized in developing
vessels [46].

MMP-9 has been associated to blood brain barrier disruption
and to vascular defect in adults [47,48], and likely in neonates
[43]. We have previously reported that cultured neonatal
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microvascular endothelial cells secreted higher amounts of t-PA
and gelatinases than adult cells in basal condition or under
glutamate challenge, and that glutamate induced Evans blue
extravasation in isolated microvessels more efficiently in neonatal
than in adult preparations [49,50]. Whether ibotenate did not
produced vascular gelatinase activation in WT mice in vivo while
glutamate evoked activity in vitro may be due to rapid clearance of
ibotenat in vivo, differences in receptors recruited or time course
of vascular response. Anyway, the present data further demon-
strate a functional link between high glutamate, t-PA and vascular
bed MMP activation. The effect is mimicked by direct t-PA
application, while genetic inactivation (t-PA™"7) or pharmacolog-
ical plasmin blockade (aprotinin) disrupted the functional chain.
Reciprocally, the inactivation of PAI-1 that allowed unrestrained t-
PA activity, facilitated the visualization of diffuse gelatinase activity
in vessels, in line with extracellular activity. In these animals the
sole PBS injection trauma evoked lasting MMP activity at least 5
days post-insult coincident with intracerebral bleeding in the
majority of pups (unpublished data). This observation consolidates
the hypothesis that a t-PA to MMP link in neonates may be
involved in intraparenchymal/intraventricular bleeding which is

August 2013 | Volume 8 | Issue 8 | e71263



highly incident in extreme preterms. In these infants, blood t-PA
increased in the first postnatal days [51] and the elevated PAI-1 to
t-PA ratio is evocative of vascular risk [34,52]. Indeed, in neonatal
encephalopathy the levels of blood MMP-9 is about 10-fold higher
than in non-encephalopathic controls [12].

Conclusion

The study shows that t-PA is involved in basal expression of
MMP-9 during development and both MMP-2 and MMP-9
activation under HI and excitotoxicity lesion paradigms in
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