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Matrix Metalloproteinase-9 Gene Knock-out Protects the
Immature Brain after Cerebral Hypoxia–Ischemia
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Inhibition of matrix metalloproteinase-9 (MMP-9) protects the adult brain after cerebral ischemia. However, the role of MMP-9 in the
immature brain after hypoxia–ischemia (HI) is unknown. We exposed MMP-9 (�/�) [MMP-9 knock-out (KO)] and wild-type (WT) mice
to HI on postnatal day 9. HI was induced by unilateral ligation of the left carotid artery followed by hypoxia (10% O2 ; 36°C). Gelatin
zymography showed that MMP-9 activity was transiently increased at 24 h after HI in the ipsilateral hemisphere and MMP-9-positive cells
were colocalized with activated microglia. Seven days after 50 min of HI, cerebral tissue volume loss was reduced in MMP-9 KO (21.8 �
1.7 mm 3; n � 22) compared with WT (32.3 � 2.1 mm 3; n � 22; p � 0.001) pups, and loss of white-matter components was reduced in
MMP-9 KO compared with WT pups (neurofilament: WT, 50.9 � 5.4%; KO, 18.4 � 3.1%; p � 0.0001; myelin basic protein: WT, 57.5 �
5.8%; KO, 23.2 � 3.5%; p � 0.0001). The neuropathological changes were associated with a delayed and diminished leakage of the
blood– brain barrier (BBB) and a decrease in inflammation in MMP-9-deficient animals. In contrast, the neuroprotective effects after HI
in MMP-9-deficient animals were not linked to either caspase-dependent (caspase-3 and cytochrome c) or caspase-independent
(apoptosis-inducing factor) processes. This study demonstrates that excessive activation of MMP-9 is deleterious to the immature brain,
which is associated with the degree of BBB leakage and inflammation. In contrast, apoptosis does not appear to be a major contributing
factor.
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Introduction
Matrix metalloproteinase-9 (MMP-9; gelatinase B) belongs to a
subgroup of gelatinases in the family of zinc-dependent extracel-
lular peptidases, so-called matrix metalloproteinases, that are
able to modify components of the extracellular matrix (Yong et
al., 1998). MMP-9 is important for normal brain development
but can be harmful when activated under pathological conditions
(Van den Steen et al., 2002).

MMP-9 has been shown to degrade collagen type IV in the
basement membranes of endothelial walls, which may lead to
disruption of the blood– brain barrier (BBB) after both cerebral
ischemia and inflammation, allowing entry of leukocytes or cy-
tokines into the brain (Rosenberg et al., 1994; Mun-Bryce and
Rosenberg, 1998; Sellebjerg and Sorensen, 2003). Excessive extra-
cellular proteolytic activity of MMP-9 after cerebral ischemia in
adult mice has also been shown to degrade white-matter compo-
nents, including myelin basic protein (MBP) (Asahi et al., 2001).

Studies in adult animals have demonstrated a role for MMP-9 in
ischemic brain injury, because inhibition of MMP-9 activation,
either by knockout of the gene or by administration of an inhib-
itor, is associated with reduced brain injury and attenuation of
BBB leakage (Romanic et al., 1998; Asahi et al., 2000).

There is also evidence to suggest that MMPs are involved in
regulation of intracellular proteolytic cascades. MMPs, including
MMP-9, may regulate inflammatory processes, because it has
been shown to process proinflammatory cytokines such as
interleukin-1� (IL-1�) into its biologically active and mature form
(Schonbeck et al., 1998). Furthermore, recent studies have suggested
that MMPs play a role in cell death via apoptotic mechanisms, in-
cluding caspase-dependent cascades (Mannello et al., 2005).

The pathogenesis of brain injury is age dependent and partic-
ularly inflammatory, and caspase-dependent processes appear to
be important in the immature brain (Vannucci and Hagberg,
2004). However, the role of MMP-9 in the developing brain after
injury has not been evaluated. The purpose of this study was
therefore to examine the role of MMP-9 in neonatal brain injury,
in a well established model of hypoxia–ischemia (HI). Using 9-d-
old MMP-9 knock-out (KO) mice, we examined tissue loss, dam-
age to the white matter and BBB, and the effects on apoptosis and
inflammation after HI.

Materials and Methods
Induction of HI in postnatal day 9 mice
MMP-9 (�/�) and wild-type (WT) animals were bred from C57BL/6 het-
erozygote mice (Vu et al., 1998) at Experimental Biomedicine (Sahlgren-
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ska Academy, Göteborg University), with ad libitum access to food and
water. The animal experiments were approved by the local Ethical Com-
mittee of Göteborg University.

HI was induced on postnatal day 9 (P9) as described previously (Rice
et al., 1981; Hedtjarn et al., 2002), with some modifications. The pups
were anesthetized with isoflurane (Forene; 3.5% for induction, 1.5% for
maintenance) in a mixture of nitrous oxide and oxygen (1:1), and the left
common carotid artery was permanently ligated (prolene 6.0). The inci-
sion was closed (prolene 5.0) and infiltrated with local anesthetic after the
procedure. The duration of anesthesia was �5 min. After a recovery
period with the dam (1 h), the pups were exposed to a humidified gas
mixture (10% oxygen in nitrogen) for 50 or 60 min at 36°C. The temper-
ature in the incubator and the temperature of the water used to humidify
the gas mixture were kept at 36°C. After hypoxic exposure, the pups were
returned to their dam.

Genotyping: DNA preparation and PCR
The genotype of the mice was determined by PCR analysis of DNA that
was extracted from the tail. Approximately 2 mm of tissue was digested in
buffer (50 mM Tris-HCl, pH 8.0, 100 mM EDTA, 100 mM NaCl, and 1%
SDS) containing 1 mg/ml proteinase-K (Roche Diagnostics, Penzberg,
Germany) overnight at 60°C. To extract the DNA, one-half the original
volume of potassium acetate, 5 M, was added, and the mixture was cen-
trifuged at 13,000 rpm for 20 min. The supernatant was saved and mixed
with double the original volume of 100% ethanol and incubated at
�20°C for at least 30 min. To precipitate the DNA, the mixture was
centrifuged at 13,000 rpm for 25 min at 4°C. Pellets were washed with
75% ethanol and left to dry after removal of the liquid. The DNA was
dissolved in 50 �l of sterile H2O.

Two microliters of the extracted DNA were added to the reaction
mixture [1� PCR buffer (250 mM Tris-HCl, pH 8.3, 375 mM KCl, 15 mM

MgCl2; Sigma-Aldrich, St. Louis, MO), 200 �M dNTP, 0.5 �M Primer
1-4, and 0.04 U/�l Taq polymerase (Sigma-Aldrich)], which had a total
volume of 25 �l. The primers (Cybergene, Huddinge, Sweden) that were
used showed the WT (5�-ATG ATT GAA CAA GAT GGA TTG CAC
G-3�, 5�-TTC GTC CAG ATC ATC CTG ATC GAC-3�) band of 300 bp,
the MMP-9-deficient (5�-GCA TAC TTG TAC CGC TAT GG-3�, 5�-
TAA CCG GAG GTG CAA ACT GG-3�) band of 480 bp, or the hetero-
zygote mice that showed both bands (see Fig. 1 A). The reaction consisted
of 32 cycles: denaturation, 94°C, 45 s; annealing, 60°C, 45 s; elongation,
72°C, 1 min 30 s. The PCR products were analyzed by using Tris-borate-
EDTA buffer agarose electrophoresis (1.5%) labeled with ethidium bro-
mide. The bands were visualized by using a LAS-100 cooled CCD camera
(Fujifilm, Tokyo, Japan).

Gelatin zymography
To confirm the activation of MMP-9, gelatin zymography was performed
at 1, 3, 6, 24, and 72 h after 60 min HI. Pups (n � 3 per time point) were
killed with an overdose of thiopental (pentothal sodium, intraperitone-
ally) and perfused with cold saline, and the brains were rapidly removed
and divided into an ipsilateral ischemic hemisphere and a contralateral
nonischemic hemisphere. Control animals, 9 and 12 d old (n � 3 per
time point), were treated in the same way as the HI animals. Hemispheric
tissue was frozen immediately in isopentane and stored at �80°C.

The frozen brain samples were homogenized and solubilized in 0.5%
Triton X-100 in PBS, pH 7.0, for 24 h at 4°C. The homogenate was
centrifuged at 13,000 rpm for 10 min at 4°C. Total protein concentration
in the supernatants was measured by Soft Max PRO 3.0.

The samples were mixed with one-part 2� Tris-glycine SDS sample
buffer [12.5 mM Tris– 0.5 M HCl, pH 6.8, 20% glycerol, 4% SDS (w/v),
and 0.005% bromophenol blue (w/v)], and the mixtures were left at
room temperature for 10 min. The samples (20 �l/well) were applied on
a 10% polyacrylamide gel containing 0.1% gelatin, and the gel was elec-
trophoresed with 1� Tris-glycine SDS electrode buffer (25 mM Trizma-
Base, 190 mM glycin, and 3.5 mM SDS) according to standard running
conditions. After running, the gel was first incubated with zymogram
renaturing buffer [2.5% Triton X-100 (v/v)] with gentle agitation for 30
min at room temperature. Then the gel was incubated in fresh zymogram
renaturing buffer overnight at 37°C for maximum sensitivity. Coomassie

blue R-250 (0.5%; w/v) in fixative [methanol/acetic acid/water (50:10:
40)] was used for visualizing the areas of protease activity, followed by
destaining [methanol/acetic acid/water (50:10:40)]. Human MMP-9 and
MMP-2 (Millipore, Bedford, MA) were used as standards.

Immunohistochemical procedures
Immunohistochemistry was performed as described previously (Zhu et
al., 2000; Svedin et al., 2005). Briefly, sections were deparaffinized, hy-
drated in xylene and graded alcohol, boiled in citric acid buffer (0.01 M,
pH 6.0), followed by blocking of endogenous peroxidase and nonspecific
binding [PBS (0.1 M, pH 7.2) containing 3% bovine serum albumin and
1% goat or horse serum as appropriate], and incubated with primary
antibodies and appropriate secondary antibodies. To visualize immuno-
reactivity, sections were incubated with avidin-biotinylated enzyme
complex (20 �l/ml, Vectastain ABC Elite kit; Vector Laboratories, Bur-
lingame, CA), followed by 3,3-diaminobenzidine (DAB), and enhanced
with 15 mg/ml NiSO4. The sections were dehydrated in graded ethanol
and xylene and coverslipped with mounting medium.

The following primary antibodies and dilutions were used: mouse
monoclonal anti- microtubule-associated protein-2 (MAP-2; 1:2000,
M4403; Sigma-Aldrich); mouse monoclonal anti-MBP (1:10,000, SMI
94; Sternberger Monoclonal, Lutherville, MD); mouse monoclonal anti-
phosphorylated neurofilaments (NFs; 1:2000, SMI312; Sternberger
Monoclonal); goat polyclonal anti-apoptosis inducing factor (AIF; 1:100,
sc-9416; Santa Cruz Biotechnology, Santa Cruz, CA); mouse monoclonal
anti-cytochrome c (1:400, 556433) and rabbit polyclonal anti-active
caspase-3 (1:50, 557035) (both from BD Biosciences PharMingen, San
Diego, CA); and polyclonal anti-MMP-9 (1:10,000, ab16306) and poly-
clonal anti-laminin (1:250, ab11575) (both from Abcam, Cambridge,
UK). Nuclear staining was performed with 1 �g/ml 4�-6-diamidino-2-
phenylindole (DAPI; Invitrogen, San Diego, CA) in PBS for 5 min at
room temperature with gentle agitation.

Microglia cells were visualized by Griffonia simplicifolia isolectin-B4

(10 �g/ml), which was horseradish peroxidase (L5391; Sigma-Aldrich)
and DAB labeled.

Neuropathological outcome
Brain injury evaluation. The pups were killed on P16 for evaluation of
brain infarction. Animals were anesthetized with thiopental (pentothal
sodium) and perfusion fixed with 5% paraformaldehyde (Histofix; His-
tolab, Göteborg, Sweden), and the brains were dehydrated and embed-
ded in paraffin. Evenly spaced coronal sections (5 �m) throughout the
brain were stained with MAP-2, which labels neurons and dendrites.
Microscope images were captured by a CCD camera (DP50; Olympus
Optical, Tokyo, Japan), and the area of MAP-2-positive staining in each
hemisphere was measured (MicroImage, version 4.0; Olympus Optical).
The MAP-2-positive area in the ipsilateral hemisphere was subtracted
from the contralateral hemisphere for each brain level and expressed as
the percentage of tissue loss of the contralateral hemisphere. The total
volume of tissue loss was calculated according to the Cavalieri Principle,
in which the area of tissue loss at each level was calculated by subtracting
the MAP-2-positive area in the ipsilateral area from the contralateral
hemisphere. The following formula was used: V � �A � P � T, where V
is the total volume, �A is the sum of areas measured, P is the inverse of the
sampling fraction of the section, and T is the section thickness.

White-matter damage. The loss of white matter was measured immu-
nohistochemically by the presence of MBP and NF on P16 in sections at
the striatum and hippocampal levels, as demonstrated previously (Hedt-
jarn et al., 2002). Microscope images were captured (10� magnification)
by a CCD camera (DP50; Olympus Optical), and the area of the subcor-
tical MBP respective to the NF-positive staining in each hemisphere was
measured (MicroImage, version 4.0; Olympus Optical). The ipsilateral
hemisphere was compared with the contralateral hemisphere, and the
values were expressed as a percentage of tissue loss.

Inflammation
Microglial cells in the injured hemisphere at the hippocampal level were
detected by isolectin histochemistry at 6 h, 24 h, and 7 d after the HI
insult. The number of activated microglial cells were estimated (at 20�
magnification) in the cerebral cortex, subcortical white matter, hip-
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pocampus, and thalamus according to the following scale: 0 � 0 micro-
glia cells; 1 � 1–25 cells; 2 � 26 –50 cells; 3 � 51–75 cells; 4 � �75 cells.

General cell death and apoptotic markers
Both caspase-dependent and -independent pathways of cell death were
investigated by immunohistochemical staining of AIF (6 h after HI),
cytochrome c (6 h after HI), and caspase-3 (24 h after HI). AIF-, cyto-
chrome c-, and caspase-3-positive cells were counted within a predeter-
mined field (0.078 mm 2) in the ipsilateral hemisphere at the hippocam-
pal level at 400� magnification in the cerebral cortex and the
hippocampus. Cells in four fields per brain region were counted and
expressed as the mean number of cells per square millimeters. General
cell death was investigated according to morphological hallmarks of cell
death by examining DAPI nuclear staining. The number of cells with
DNA damage were counted in the penumbra of the cerebral cortex in
four visual fields per animal (each field was 0.324 mm 2) and expressed as
the mean number of cells per square millimeters.

Cellular immunoreactivity of MMP-9
The immunohistochemical presence of MMP-9 was determined in dif-
ferent brain regions at 0, 1, 3, 6, 24, and 72 h after HI in WT animals.
MMP-9 KO mice were used as negative controls. The cellular localization
of MMP-9 was determined by double labeling to microglia (10 �l/ml
FITC-labeled isolectin B4, L2895; Sigma-Aldrich), astrocytes (monoclo-
nal anti-GFAP, 1:250, G3893; Sigma-Aldrich), and neurons (monoclonal
anti-neuronal nuclei, 1:250, MAB377; Millipore). FITC-conjugated avi-
din (25 �l/ml) or Texas Red-conjugated avidin (25 �l/ml) (Invitrogen)
was used after incubation with biotinylated secondary antibody.

BBB permeability
At 0, 1, 3, 6, 24, and 72 h after the HI insult, pups (n � 3 per time point)
were killed with an overdose of thiopental (pentothal sodium) intraperi-
toneally and perfusion fixed with 5% paraformaldehyde, followed by 4 h
postfixation and incubation in 20% sucrose in 0.1 M PBS solution. Free-
floating sections (80 �m) were incubated with biotinylated horse anti-
mouse IgG (1:250 in PBS; Vector Laboratories). Immunoreactivity was
visualized as described above. The immunohistochemical presence of
laminin, a structural component of the BBB, was determined in the hip-
pocampus 24 h after HI. The hippocampus in each hemisphere was
outlined at low magnification (1.5�) in each animal. Using stereological
principles (Stereoinvestigator; MicroBrightField, Colchester, VT), 20
counting frames (50 � 50 �m) were randomly positioned within the
hippocampus at equal distance from each other, and the number of
laminin-positive profiles within each counting frame was determined at
high magnification (63�).

Statistics
Statistical analysis was performed using GraphPad Prism 4 software
(GraphPad Software, San Diego, CA). The Mann–Whitney nonparamet-
ric ranking test or unpaired t test was used for statistical comparisons
between study groups. Values were considered significant at p � 0.05,
and data are presented as mean � SEM.

Results
MMP activity after HI
The genotype of the animals was confirmed by PCR, with KO
mice demonstrating a band at 480 bp and WT mice demonstrat-
ing a band at 300 bp (Fig. 1A). No MMP-9 activity could be
observed in MMP-9-deficient animals after HI, as confirmed by
gelatin zymography (Fig. 1B). A weak expression of MMP-9 was
seen 6 h after HI in the ipsilateral hemisphere in WT animals (Fig.
1B). At 24 h after HI, there was a marked increase in MMP-9 (Fig.
1C) and to a lesser extent at 72 h after HI (data not shown).
Relatively low expression of the proenzyme of MMP-2 (72 kDa)
was seen in the contralateral and ipsilateral hemispheres in both
WT and MMP-9 KO animals at all time points after HI (Fig.
1B,C).

MMP-9 immunoreactivity after HI
Very few MMP-9-positive cells, in either the ipsilateral or the
contralateral hemisphere, could be detected in the brain at 0, 1, 3,
and 6 h after the insult. After 24 h, an increase in cells expressing
MMP-9 was observed in the hippocampus, thalamus, striatum,
and cerebral cortex in the ipsilateral hemisphere (Fig. 2A). The
highest density of MMP-9-positive cells was observed in the thal-
amus, with fewer cells in the cerebral cortex and hippocampus.
By 72 h after HI, only a few positive MMP-9-positive cells were
observed. No MMP-9-positive cells were found in the MMP-9
KO animals (Fig. 2B).

Double-labeling experiments showed that the MMP-9 expres-
sion was colocalized with microglia cells (isolectin-positive cells)
(Fig. 2C–E) but not with neurons or astrocytes (Fig. 2F–K).

Neuropathological outcome
Brain injury evaluation
Brain injury was more severe in animals exposed to 60 min HI
(Fig. 3A,B) compared with 50 min HI (Fig. 3C,D). Brain injury in
the ipsilateral compared with the contralateral hemisphere at 14
evenly spaced brain levels was determined in MAP-2-stained sec-
tions. In animals that were exposed to 60 min of HI, there was no
significant difference in brain injury between MMP-9 KO (n �
18) and WT (n � 19) mice at any of the brain levels examined
(Fig. 3A,B,E), and there was no difference in the total volume of
tissue loss between groups (WT, 38.6 � 2.0 mm 3; KO, 38.4 � 2.0

Figure 1. A, The band of 480 bp corresponds to the MMP-9 gene KO mice, and the band of
300 bp represents the MMP-9 gene in WT mice. Heterozygote (hetz) animals express both the
480 and 300 bp fragments. B, C, Gelatin zymograms show MMP-9 (105 kDa) weakly expressed
at 6 h (B) and strongly at 24 h (C) after HI in the ipsilateral hemisphere in WT animals. No MMP-9
activity was seen in the contralateral hemisphere or in MMP-9 KO animals. MMP-2 activity (72
kDa) was observed in all animals.
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mm 3; p � 0.9636) (Fig. 3G). In contrast,
there was reduction in brain injury in
MMP-9 KO animals at 13 of 14 brain lev-
els (Fig. 3F) and in the total loss of tissue
volume (21.8 � 1.7 mm 3; n � 22) com-
pared with WT animals (32.3 � 2.1 mm 3;
n � 22) after 50 min of HI ( p � 0.0006)
(Fig. 3G).

White-matter damage
Injury to the subcortical white matter was
examined 1 week after the HI insult by im-
munohistochemical analysis of the white-
matter markers MBP and NF (Fig. 4A–D).
A significant preservation of both NF and
MBP was observed in the moderately in-
jured group (NF: WT, 50.9 � 5.4%; KO,
18.4 � 3.1%; p � 0.0001; MBP: WT,
57.5 � 5.8%; KO, 23.2 � 3.5%; p �
0.0001) (Fig. 4E,F). In contrast, no differ-
ences were observed in the loss of white-
matter markers in the severely damaged
group (NF: WT, 74.6 � 4.8%; KO, 69.8 �
5.4%; p � 0.5136; MBP: WT, 72.9 � 4.2%;
KO, 68.2 � 4.5%; p � 0.4752) (Fig. 4E,F).

BBB permeability
BBB permeability was investigated immu-
nohistochemically by the presence of IgG
(Muramatsu et al., 1997) and laminin (Gu
et al., 2005) in the brain. In animals ex-
posed to severe HI (60 min), the BBB was
open early at 3 h after HI and remained
open at 6, 24, and 72 h, with a maximum
IgG immunoreactivity at 24 h after HI in
both MMP-9 KO and WT animals (data
not shown). In WT animals exposed to
moderate HI (50 min), the IgG immunoreactivity pattern was
similar to animals exposed to 60 min of HI with a BBB opening at
3, 6, 24, and 72 h (Fig. 5A,C). In contrast, MMP-9-deficient
animals exposed to 50 min of HI demonstrated BBB opening only
at 6 and 24 h after HI (Fig. 5B) and to a much lesser extent than
the WT mice. Normal control animals showed no IgG immuno-
reactivity in the brain (data not shown). In WT animals exposed
to 50 min hypoxia, there was a reduction in laminin in the ipsi-
lateral hemisphere compared with the contralateral hemisphere
(Fig. 5E,F,I), which was not seen in KO animals (Fig. 5G–I).
There was no difference in laminin immunoreactivity in the con-
tralateral hemisphere between WT and KO mice. The percentage
of loss of laminin in the ipsilateral hemisphere was also greater in
WT animals (33.2 � 7.0%) compared with KO mice (�0.9 �
8.1%; p � 0.0061).

Because neuropathological analysis of gray and white matter
and BBB examination indicated that there were no differences
between MMP-9 KO and WT animals after 60 min HI, only
animals subjected to 50 min HI were analyzed further.

Inflammation
Microglial activation was evaluated in sections at the hippocam-
pal level at 6 h, 24 h, and 7 d after HI. Very few activated microglia
cells were observed 6 h after HI (Fig. 6A), with a more robust
inflammatory response at 24 h (Fig. 6B). There was no difference
in any brain region investigated between MMP-9 KO and WT

groups at either 6 or 24 h (Fig. 6A,B). In contrast, a significant
attenuation in microglial activation was observed 7 d after HI in
MMP-9 KO mice compared with WT animals (Fig. 6C).

General cell death and apoptotic markers
Cell death, as shown by DAPI staining, was reduced in KO ani-
mals at 24 h and 7 d after HI (Fig. 7A–E). The apoptotic markers
AIF, cytochrome c, and caspase-3 were investigated 6 h (AIF and
cytochrome c) and 24 h (caspase-3) after HI (n � 8 animals/
group). Apart from a decrease in cytochrome c-positive cells in
the CA1/2 area of the hippocampus in MMP-9 KO animals (Fig.
7G), there were no alterations in apoptotic markers in the hip-
pocampus or cortex (Fig. 7F–H). To also confirm neuroprotec-
tion in these animals, tissue loss was determined in MAP-2-
stained sections at 24 h after HI, which showed a 26% reduction
in injury in KO animals (26.9 � 2%; n � 8) compared with WT
(36.3 � 4%; n � 8; p � 0.05).

Discussion
This study shows that deletion of the MMP-9 gene reduces cere-
bral tissue volume loss, protects the white matter, and attenuates
inflammation in the immature brain after a moderate HI insult.
The neuroprotection is also associated with a delayed and re-
duced opening of the BBB. However, although general cell death
is attenuated, neuroprotection after MMP-9 deficiency does not
appear to be linked to either caspase-dependent or -independent
apoptotic mechanisms.

Figure 2. A, B, MMP-9-positive cells in the thalamus in WT (A) and MMP-9 KO (B) animals 24 h after HI. C, D, F, G, I, J, The
cellular localization of MMP-9 immunoreactivity (C, F, I ) was determined by double labeling for microglial cells (isolectin) (D),
astrocytes (GFAP) (G), and neurons [NeuN (neuronal-specific nuclear protein)] (J ) 24 h after HI. E, H, K, MMP-9 was colocalized
with activated microglia (E) but not with astrocytes (H ) or neurons (K ).
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Neuroprotection after inhibition of MMP-9 activation has
been demonstrated previously in the adult brain after focal cere-
bral ischemia in both the mouse and rat, either by using MMP-
9-deficient animals or MMP-9 inhibitors (Romanic et al., 1998;
Asahi et al., 2000, 2001; Jiang et al., 2001). This is the first study to
show activation of MMP-9 in immature animals after HI and
neuroprotection in neonatal MMP-9-deficient mice. The neuro-
protection was strongly dependent on the severity of the insult;
pups exposed to severe HI (60 min) showed no difference in brain
injury between WT and MMP-9 KO mice. In contrast, when pups
were exposed to 50 min HI, there was marked reduction in brain
injury in the MMP-9 KO animals compared with wild type. Sim-
ilar severity of injury-dependent treatment effects after HI have
also been noted in mice deficient in IL-1 converting enzyme (Liu
et al., 1999)

In addition to the reduction in tissue loss, the injury to MBP
and NFs was also attenuated in MMP-9-deficient animals, which
is similar to studies of focal cerebral ischemia in adult MMP-9
gene KO mice that show reduced damage to white-matter com-
ponents (Asahi et al., 2001).

It has been suggested that MMP-2 may play a role in the
development of brain injury because the function of MMP-2 is
similar to MMP-9; however, no effect has been reported on brain
injury in adult MMP-2 KO mice after focal ischemia (Asahi et al.,
2001). We observed the proform of MMP-2 in all animals after
HI, whereas the activated MMP-2 form was only observed in the
ipsilateral hemisphere. However, there were no compensatory
increases in MMP-2 in MMP-9 KO animals and no association of
MMP-2 expression and brain injury, suggesting that MMP-2 ac-
tivation is not deleterious in the immature brain.

The neuroprotection in MMP-9 KO animals after moderate
HI was associated with a shorter period of BBB opening com-
pared with either 50 min HI in WT animals or 60 min HI in WT

Figure 3. A–D, Immunohistochemical staining for MAP-2 in WT (A, C) and MMP-9 KO (B, D)
animals 7 d after HI. Animals exposed to 60 min of HI (A, B) exhibit more severe brain injury
compared with pups that were exposed to 50 min of HI (C, D). E, F, Quantification of brain tissue
loss based on MAP-2 staining at different brain levels after HI (posterior3 anterior part of the
brain). Tissue loss was reduced at 13 of 14 brain levels in MMP-9 KO after 50 min HI (F ) but not
after 60 min HI (E). G, Total brain tissue loss (cubed millimeters) was reduced in MMP-9 KO after
50 min HI but not 60 min HI. Error bars indicate mean � SEM. *p � 0.05; **p � 0.01; ***p �
0.001 compared with WT.

Figure 4. A–D, White-matter injury was determined by the loss of MBP (A, B) and NF (C, D)
in WT (A, C) and MMP-9 KO (B, D) animals 7 d after HI. E, F, After 50 min HI, MMP-9 KO animals
demonstrated preservation of MBP (E) and NF (F ) compared with WT but not after 60 min HI (E,
F ). Immunohistochemical staining showed loss of MBP and NF in the ipsilateral hemisphere in
WT animals compared with MMP-9 KO animals (B, D). Error bars indicate mean�SEM. ***p�
0.001 compared with WT.
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and MMP-9 KO mice. These results may suggest that the length
of BBB opening after HI plays an important role in the brain
injury. Particularly, the BBB opening in immature animals has
been linked to the severity of injury (Muramatsu et al., 1997).
MMP-9 has been shown to disrupt the BBB by degrading the
basal lamina (collagen IV and laminin), and increased MMP ac-
tivity at the BBB leads to MMP-dependent cleavage of tight junc-
tion proteins, such as zona occluden-1 and occludin, and a pro-
found disruption of cell-cell contact (Harkness et al., 2000;
Lohmann et al., 2004). Leakage of the BBB allows leukocytes and
blood proteins to enter the brain. Interestingly, it was recently

suggested that the MMP-9 expression in peripheral leukocytes,
rather than brain resident cells, was responsible for the BBB
breakdown and subsequent brain injury after focal stroke in adult
chimeric MMP-9�/� mice (Gidday et al., 2005).

According to the gelatin zymography results in the present
study, MMP-9 activation in the ipsilateral hemisphere was ob-
served 24 h after HI, which is similar to the time frame of MMP-9
activation previously observed in adult animals after ischemia
(Wang et al., 2000; Asahi et al., 2001). In agreement with the
zymography results, we found a transient increase in the number

Figure 5. The integrity of the BBB was evaluated by histochemical analysis of IgG and lami-
nin immunoreactivity at 24 h (A, B, E–I ) and 72 h (C, D) after HI (n � 3 per group). A–D, In WT
animals (A, C), the BBB was disrupted at both 24 and 72 h, whereas in the MMP-9-KO animals,
the BBB opened only transiently at 24 h after HI (B) and was almost intact at 72 h after HI (D).
E–I, Furthermore, there was a reduction in laminin-positive staining in the ipsilateral hemi-
sphere (E, I ) compared with the contralateral hemisphere (F, I ) in WT animals, which was not
seen in KO animals (G–I ). **p � 0.01.

Figure 6. Analysis of activated microglia at the hippocampal level at 6 h (A), 24 h (B), and 7 d
(C) after HI. In MMP-9 KO animals, there was increased microglia activation 7 d after HI in the
hippocampus, white matter (WM), and cortex (C). Error bars indicate mean � SEM. *p � 0.05;
**p � 0.01.

1516 • J. Neurosci., February 14, 2007 • 27(7):1511–1518 Svedin et al. • MMP-9 in Immature HI



of MMP-9-immunoreactive cells in the ipsilateral hemisphere
24 h after HI but very little reactivity at later time points. This is in
contrast with recent findings also demonstrating delayed MMP-9
activity in the peri-infarct cortex at 7 d and later after stroke in
adult rats (Zhao et al., 2006).

MMP-9-immunopositive cells have been detected previously
in neurons, glia cells, and blood vessels 48 h after transient middle
cerebral artery occlusion in adult rats (Rosenberg et al., 2001). In
adult human multiple sclerosis tissue, MMP-9 has also been
found expressed in activated microglia, microvessel endothelial
cells, and in small numbers of astrocytes (Cuzner et al., 1996;
Maeda and Sobel, 1996). Also in in vitro studies, astrocytes (Apo-
daca et al., 1990; Gottschall and Deb, 1996), microglia (Colton et
al., 1993; Gottschall and Deb, 1996), and oligodendrocytes (Uhm
et al., 1998) were shown to express MMP-9 after different treat-
ments. In contrast to the studies in adult tissue, the present study
shows MMP-9 is colocalized with microglia after neonatal HI.
Together, the MMP-9 expression data suggest that the timing of
activation and localization of MMP-9 after brain injury may be
age dependent.

The localization of MMP-9 in activated microglia cells sug-
gests that inflammatory mechanisms may be involved in brain
injury, which is in agreement with our previous study demon-
strating a profound inflammatory response after HI in neonatal
mice (Hedtjarn et al., 2004) and rats (McRae et al., 1995; Silver-
stein et al., 1997). Furthermore, the depletion of microglia-
induced IL-18 confers neuroprotection to neonatal HI (Hedtjarn
et al., 2002). MMP-9 has been shown to be able to process pro-
forms of pro-inflammatory cytokines into active forms (Schon-
beck et al., 1998), and cytokines are known to stimulate the pro-
duction of MMP-9, which in turn disturbs the strict regulation of
the protease and can lead to uncontrolled activation (Okada et al.,

1990; Lefebvre et al., 1991; Saren et al., 1996). The interaction
between MMP-9 and inflammation may be of particular impor-
tance because previous studies have shown that injection of IL-1�
into the brain resulted in an increased permeability of the BBB in
juvenile animals but not in the adult (Anthony et al., 1997). In
addition, when rats at different ages were exposed to HI, young
animals had an increased opening of the BBB after the insult,
whereas there was no opening in the adult animals (Muramatsu
et al., 1997). Furthermore, there is an age-dependent difference in
the vulnerability to several cytokines after cerebral ischemia
(Hedtjarn et al., 2002, 2005; Wheeler et al., 2003). However, in
the present study, the timing of the BBB opening did not appear
to coincide with the increased activation of microglia in WT an-
imals. This may be related to the findings by Gidday et al. (2005),
suggesting that the peripheral inflammatory response is more
important for BBB permeability than the local cerebral reactions.

In the adult, MMPs have been implicated in several cerebro-
vascular diseases, in which degradation of components of the
extracellular matrix, including degradation of collagen type IV,
have been identified as a deleterious response (Fatar et al., 2005).
Furthermore, MMP-9 has been suggested to have direct effects
on cell death via cleavage of neuronal laminin (Gu et al., 2005).
However, MMP-9 has also been implicated in intracellular pro-
teolytic cell death mechanisms, such as apoptosis (Mannello et
al., 2005). We have shown previously that both caspase-
dependent and independent mechanisms are important in neo-
natal brain injury after HI (Zhu et al., 2005). In the present study,
we also showed a clear induction of capase-3, cytochrome c, and
AIF after HI. However, despite reduced injury, there was no dif-
ference in apoptotic markers between MMP-9-deficient and WT
animals, suggesting that apoptotic injury processes play a minor
role in MMP-9-related neuroprotection, which is similar to that
observed after stroke in adult rats (Copin et al., 2005).

In conclusion, this study demonstrates that MMP-9 plays an
important role in the development of hypoxic–ischemic injury in
the immature brain. The neuroprotective effects of MMP-9 ap-
pear to be related to inflammatory processes rather than
apoptosis.
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