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Abstract

Background and Purpose—We recently observed early white matter injury after
experimental subarachnoid hemorrhage (SAH) but the underlying mechanisms are uncertain. This
study investigated the potential role of matrix metalloproteinase (MMP)-9 in blood-brain barrier
(BBB) disruption and consequent white matter injury.

Methods—SAH was induced by endovascular perforation in adult male mice. The following
three experiments were devised: (1) mice underwent MRI at 24 h after SAH and were euthanized
to determine BBB disruption and MMP-9 activation in white matter; (2) to investigate the role of
MMP-9 in BBB disruption, lesion volumes on MRI were compared between wild-type (WT) and
MMP-9-knockout (MMP-97/7) mice at 24 h after SAH; (3) WT and MMP-9~/~ mice underwent
MRI at 1 and 8 days after SAH to detect time-dependent changes in brain injury. Brains were used
to investigate myelin integrity in white matter.

Results—In WT mice with SAH, white matter showed BBB disruption (albumin leakage) and
T2-hyperintensity on MRI. MMP-9 activity was elevated at 24 h after SAH. MMP-9~/~ mice had
less white matter T2-hyperintensity after SAH than WT mice. At 8 days after SAH, WT mice had
decreased myelin integrity and MMP-9~/~ mice developed less white matter injury.

Conclusions—SAH causes BBB disruption and consequent injury in white matter. MMP-9
plays an important role in those pathologies and could be a therapeutic target for SAH-induced
white matter injury.
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Introduction

Subarachnoid hemorrhage (SAH) is a devastating cerebrovascular disorder with particularly
high mortality and morbidity rates!. Many physiological derangements, such as elevated
intracranial pressure and decreased cerebral blood flow, are immediately induced by SAH
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and these events initiate inflammation and oxidative stress which result in blood-brain
barrier (BBB) disruption, brain edema as well as neuronal injury 2. Acute brain edema is
recognized as a major consequence of SAH, and is identified as an independent risk factor
for poor clinical outcome 3. As yet, the few available SAH therapies focus on preventing
aneurysmal rebleeding and prophylaxis for vasospasm, and there are no effective treatments
available against early brain injury and consequent edema formation 4.

Matrix metalloproteinases (MMPs), particularly MMP-9, is well known as a key factor for
the development of vasogenic edema after various brain injuries including SAH °. Thus,
MMP-9 is upregulated and activated after cerebrovascular disorders in both clinical and
experimental settings 6, and MMP-9 deletion ameliorates brain edema and leads to better
neurological recovery in SAH mice 7.

Recently, we observed early white matter injury after experimental SAH 8. However, the
detailed mechanisms involved in such injury remain uncertain. We hypothesized that
MMP-9 causes acute BBB disruption in white matter after SAH resulting in consequent
white matter injury. In the present study, we investigated this hypothesis using a mouse
model of experimental SAH.

All animal protocols were approved by the University of Michigan Committee on the Use
and Care of Animals. Adult male C57BL/6 mice (Charles River Laboratories; Portage, MI)
weighing 22 to 30 g and male MMP-9-knockout (MMP-97/7) mice with C57BL/6
background (University of Michigan Breeding Core) were housed at a controlled
temperature under a 12-hour light-dark cycle. Food and water were available to all animals
ad libitum.

Experimental design

This study included the following three experiments. Throughout the current study, we used
forty-two WT and twenty-seven MMP-97/~ mice. Experiment 1 were conducted in WT
mice, experiment 2 and 3 were conducted in WT and MMP-9~/~ mice.

Experiment 1—To determine the extent of BBB disruption and MMP-9 activation/
expression in white matter after SAH, wild-type (WT) mice were divided into sham and
SAH groups. Mice underwent magnetic resonance imaging (MRI) at 24 hours after SAH
and were then euthanized. Brains were used for immunohistochemistry, transmission
electron microscopy and gelatin zymography.

Experiment 2—To investigate the role of MMP-9 in white matter injury, WT and
MMP-97"~ mice underwent endovascular perforation. They underwent MRI 24 hours after
SAH induction. Severity of SAH, neurological conditions including mortality, and lesion
volumes detected by MRI in each group were compared. We used 28 WT (n=11 for sham,
and n=17 for SAH) and 13 MMP-9~/~ mice in experiment 1 and 2.
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Experiment 3—To investigate time-dependent changes in white matter, MRI was
performed 1 and 8 days after SAH induction in WT and MMP-9~/~ mice. Mice without any
surgery were set as normal control. Animals were euthanized at day 8 and the brains were
used for immunohistochemistry. Mortality, neurological score and body weight during the
observation period were also recorded. In experiment 3, we used 14 WT and 14 MMP-97/~
mice (n=10 for SAH and n=4 for normal control, for each).

Mouse SAH model

SAH was induced by endovascular perforation method as previously described 8. Details of
surgical procedures are presented in the online-only Data Supplement.

Magnetic resonance imaging technique and measurement of lesion volume

MRI was performed using a 7.0-T Varian MR scanner (Varian Inc, Palo Alto, CA) with
acquisition of T2 fast spin-echo and T2* gradient-echo sequences using a field of view of
20x20 mm, matrix of 256x256 mm, and 25 coronal slices (0.5 mm thick). The volume of
T2-hyperintensity in the white matter and ventricular volume were measured as previously
described 8: 9.

Evaluation of SAH severity and neurological scores

The extent of SAH was assessed using a modified grading system 1011 and the
neurological scores were evaluated by a blinded observer at determined time points in each
experiment as previously described 12. Details for the evaluation methods are in the online-
only Data Supplement.

Transmission electron microscopy

Transmission electron microscopy was performed as previously described 13 (see details in
online-only Data Supplement).

Gelatin zymography for measurement of MMP activity

Activities of MMP-9 and -2 were analyzed by gelatin zymography using commercially
available kit (Cosmo Bio, Tokyo, Japan) as previously described 14, Details are available in
the online-only Data Supplement.

Immunohistochemistry and histochemistry

Immunohistochemistry and histochemistry were performed on 10-um-thick coronal
sections!® (see online-only Data Supplement).

Immunofluorescence

Double-label immunofluoresence was performed as described previously 1°(see online-only
Data Supplement).

Quantification of immunostaining

All analyses were performed by blinded investigator according to previous report 16 (see
online-only Data Supplement).
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Data are expressed as mean + SD and analyzed using JMP 7 software (SAS Institute Inc,
Cary, NC). Statistical differences among the groups were analyzed using 1-way ANOVA,
repeated-measures ANOVA, Spearman rank correlation test, and Log-rank test. A
Bonferroni correction was used for multiple comparisons. P<0.05 was considered
statistically significant.

SAH caused BBB disruption in white matter

Mice that underwent endovascular perforation (SAH) but not a sham operation developed
white matter T2-hyperintensity at 24 hours. SAH also induced albumin leakage (BBB
disruption) along the white matter. The area of albumin leakage was significantly larger in
SAH-than in sham-operated mice (0.81 + 0.76 vs. 0.04 + 0.01 mm?; P<0.05; n=4, for each;
Figure 1B). There was a good correlation between T2-hyperintensity and albumin leakage
(r=0.97; P<0.01; Figure 1C).

An electron microscopic examination showed ultrastructural abnormalities in white matter
microvessels after SAH (Figure 1D). Abnormalities included swollen astrocyte endfeet with
autophagosomes, tight junction detachment, erythrocytes in capillary lumen (after
perfusion), and basement membrane irregularities. Degenerating axons, indicating acute
white matter injury, were also observed in after SAH (data not shown). These results
strongly suggest that SAH causes BBB disruption in white matter, as well as acute axonal
injury.

MMP-9 activity in white matter was elevated after SAH

Gelatin zymography revealed that MMP-9, but not MMP-2, activity was strongly elevated in
the white matter at 24 hours after SAH (P<0.01, vs. sham; n=3, for each; Figure 2A, B). In
immunohistochemistry, GFAP, PDGFRa, and Iba-1 expression were prominently observed
in the white matter after SAH (Figure 2C). Immunofluorescent double labeling showed that
MMP-9 positive cells in white matter were mainly astrocytes (GFAP positive) and
oligodendrocyte precursor cells (PDGFRa positive), but rarely microglia (Iba-1 positive),
endothelial cells (CD-31 positive), or mature oligodendrocytes (GST-n positive; Figure 3).

MMP-9 deletion ameliorated early white matter injury

WT and MMP-97~/~ mice were examined at 24 hours after SAH induction. Mortality rates
were 24% (4/17) and 23% (3/13) in WT and in MMP-9~/~ mice, respectively (P=0.98). No
sham animal died (n=11). One WT mouse that developed a large hemispheric infarction
after SAH was excluded from further investigation. The SAH severity score (degree of
bleeding) was equivalent in WT and MMP-97~/~ animals (9.0 + 3.3 and 9.1 + 4.0,
respectively; P=0.95). Neurological scores at 24 hours after SAH were also similar (WT
13.1 + 3.0, MMP-97/~ mice 13.8 + 3.7, P=0.55). However, while all WT mice developed
T2-hyperintensity in white matter at 24 hours after SAH (as also shown in our previous
study 8), this was much less evident in MMP-97/~ mice (Figure 4A). Thus, the volume of
white matter T2-hyperintensity in WT mice with SAH was 6.2 = 3.0 vs. 0.06 + 0.05 mm?3 in
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WT sham (P<0.001; n=12 and 11, respectively), while it was only 1.0 + 1.4 mm3 in
MMP-97~ mice with SAH (P<0.01; vs. WT with SAH; n=10 MMP-9~/~ mice with SAH;
Figure 4B). Ventricular volume was significantly greater in WT with SAH mice than in
sham mice (15.4 + 3.3 and 8.9 + 1.6 mm3, respectively; P<0.001). Ventricular volume after
SAH in MMP-97/~ mice (16.2+4.6 mm3) was similar to that in WT mice with SAH (P=0.56;
Figure 4C).

Time course of MRI findings and neurological conditions following SAH

The time course of neurological deficits, body weight and MRI changes after SAH was
examined in another set of ten WT and ten MMP-9~/~ mice which underwent endovascular
perforation. Mortality rates at 8 days after SAH were 20% (2/10) in each group, and the
survivors were used for the following investigation. The initial reduction in neurological
score (14.4 + 2.7 in MMP-97/~ vs. 13.6 + 1.9 in WT) and loss of body weight (10.0 + 4.0%
in MMP-97/~ vs. 11.1 + 3.5% in WT) were very similar in both genotypes. By 8 days, there
were tendencies for MMP-9~/~ mice to have a better recovery in neurological deficits (17.1
+1.6vs. 15.6 + 1.6 in WT) and body weight (2.5 + 4.5 and 7.1 + 3.5% loss in MMP-9~/~
and WT mice, respectively). However, these did not reach statistical significance (repeated
measures ANOVA; P=0.25 and P=0.10, respectively).

Compared to 1 day, by 8 days after SAH, T2-hyperintensity in the white matter was
dramatically reduced, particularly in WT mice (Figure 5A). The volumes of T2-
hyperintensity in WT mice were 6.0 + 2.2 and 0.6 + 0.5 mm3, and those in MMP-97/~ mice
were 0.8 = 1.1 and 0.07 £ 0.07 mm3, at 1 and 8 days after SAH, respectively (P<0.001, and
P=0.09, respectively; Figure 5B). No marked albumin leakage was detected in the white
matter at day 8 after SAH in either WT mice or MMP-97/~ mice. Also, ventricular volumes
at 8 days were smaller than at 1 day after SAH in both WT and MMP-9~/~ mice. Ventricular
volumes in WT mice were 15.6 + 2.0 and 11.8 + 1.7 mm3, and those in MMP-9~/~ mice
were 17.4 £ 5.0 and 12.6 + 2.5 mm3, at 1 and 8 days after SAH, respectively (P<0.01 for
each; Figure 5C).

MMP-9 deletion attenuated white matter damage after SAH

White matter injury in WT and MMP-9~/~ mice eight days after SAH was examined using
Luxol fast blue (LFB) staining (Figure 6). Mice without any surgery (n=4, for WT and
MMP-97~ mice) were set as normal control. Estimated LFB integrity (% loss of myelin)
was equivalent in WT and MMP-97/~ mice without any surgery (data not shown). As
expected, decreased myelin integrity was observed in WT mice with SAH compared to
controls (24 £ 4 vs. 8 = 1% myelin loss, respectively; P<0.01). This loss was ameliorated in
MMP9~/~ mice (13 + 4% myelin loss; P<0.01 vs. WT SAH; n=4 for each; Figure 6).

Discussion

The present study contains three major findings: (1) experimental SAH induced by
endovascular perforation caused acute BBB disruption in white matter; (2) MMP-9 activity
in white matter was increased after SAH and the main sources of MMP-9 were reactive
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astrocytes and oligodendrocyte precursors; (3) MMP-9 deletion ameliorated BBB disruption
and white matter injury.

Brain edema and BBB disruption are major components of early brain injury after SAH and
brain edema is an independent risk factor of poor clinical prognosis after SAH3, While we
recently reported that SAH causes acute white matter injury &, the underlying mechanisms
are still uncertain. In animal models of other central nervous system injuries, such as
traumal’ and multiple sclerosis!8, or chronic ischemic strokel®, BBB disruption occurs in
the early stage of disease and contributes to progression of white matter dysfunction at later
time points. It is possible that similar mechanisms are involved in white matter pathology
after SAH. However, to our best knowledge, there is no previous study that investigated
acute BBB disruption in white matter after SAH. In the present study, T2-hyperintensity was
more prominent in white matter than in other cerebral regions 24 hours after SAH, and this
was consistent with albumin leakage detected by immunostaining. In addition, transmission
electron microscopy showed ultrastructural abnormalities in white matter microvessels,
including swollen astrocyte endfeet with autophagosomes, tight junction detachment,
erythrocyte trapping within vessel lumens, and basement membrane irregularities. These
results clearly demonstrate that BBB disruption occurs acutely in white matter following
SAH.

The MMP family, especially MMP-9, are well accepted as key neurovascular proteases that
can induce BBB damage and cause edema, hemorrhage and neuronal death?%: 21, Increased
MMP-9 activity has been reported at 24 hours after SAH22: 23, That MMP-9 contributes to
early brain injury with MMP-97~ mice developing less brain edema after SAH 7. In this
study, we confirmed that white matter MMP-9 activity was significantly increased at 24
hours after SAH induction. Activated astrocytes, microglia and, as with our previous reportg,
oligodendrocyte precursors were prominently observed in white matter after SAH. The main
MMP-9 sources were activated astrocytes and oligodendrocyte precursors, and not activated
microglia, endothelial cells or mature oligodendrocytes.

Oxidative injury caused by excessive hemoglobin and iron, a major hemoglobin degradation
product, significantly contributes to brain injury after hemorrhagic strokel® 24, It was
reported that astrocytes play an important role in maintaining BBB integrity2®. Also,
MMP-9 can be activated in reactive astrocytes induced by oxidative stress resulting in BBB
disruption after intracerebral hemorrhage or traumatic brain injury25: 27. Our current results
suggest similar mechanisms are involved in astrocytic induction of MMP-9 in white matter
after SAH leading to BBB disruption. On the other hand, it is well known that the
components of white matter, such as axons and oligodendrocytes are highly sensitive to
oxidative stress and, therefore, white matter is vulnerable to damage in various neurological
disorders?8. As shown in the current study and our previous results®, acute white matter
injury including axonal degeneration and demyelination occurs at 24 hours after SAH.
Oligodendrocyte precursors are considered to maintain homeostasis and mediate long-term
repair in white matter after injury 2°. They rapidly proliferate, migrate and fill in the
damaged lesion in response to demyelinating signals to differentiate into mature
oligodendrocytes and restore myelin sheaths3%: 31, Recently, it was reported that
oligodendrocyte precursors can rapidly respond to chronic hypoperfusion-induced white
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matter injury and secrete MMP-9 that leads to BBB disruption32. These findings are
comparable to our current results. Taken together, oligodendrocyte precursors are
considered another player that mediates acute BBB disruption in white matter after SAH. In
addition, studies have suggested that other mechanisms such as inflammation and
excitotoxicity may also contribute to early white matter injury following SAH.2

We previously reported that lipocalin-2 (LCN-2) plays an important role in SAH-induced
acute white matter injury8. LCN-2 has the potential to preserve MMP-9 activity by
preventing its degradation33, and there is a close relationship between LCN-2 expression
and MMP-9 activity in a mouse model of breast cancer34. Similarly, our unpublished data
confirmed that the activity of MMP-9 in the white matter after SAH is significantly lower in
LCN-2 knockout mice than in WT mice. The effect of LCN-2 on MMP-9 related
pathogenesis, such as BBB disruption after SAH shown in the current study, needs further
investigation.

Our current results demonstrated that MMP-9 deletion effectively attenuated acute BBB
disruption and consequent white matter injury. However, some previous studies indicate that
MMP-9 plays a beneficial role in promoting neurovascular remodeling in the delayed stage
of stroke recovery?L: 35, In adult white matter, it was also reported that MMP-9 promotes
white matter remodeling through accelerating angiogenesis in the recovery stage after
injury38, although MMP-9 plays a deleterious role in myelin damage and BBB disruption
during acute injury3’. Because of these dual-edged actions of MMPs, the use of a broad-
spectrum MMP inhibitor during the first few hours after cerebral ischemia reduced
infarction, but delayed use of the same inhibitor worsened outcome38. In this study, we used
MMP-9~/~ mice because specific MMP-9 inhibitors are currently unavailable. Future studies
should determine the optimal timing of MMP-9 inhibition against SAH-induced white
matter injury.

In conclusion, SAH results in rapid activation of astrocytes and oligodendrocyte precursors
in white matter. They secrete MMP-9 leading to acute BBB disruption, axonal damage
and/or demyelination. MMP-9 deletion effectively reduced acute BBB disruption and
attenuated consequent white matter injury. Hence, MMP-9 could be a therapeutic target for
SAH-induced white matter injury.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Subarachnoid hemorrhage (SAH) causes blood-brain barrier disruption at 24 hours after

endovascular perforation. (A) Coronal T2-weighted imaging (T2WI) on MRI demonstrated
hyperintensity along the white matter (WM) in SAH mice, and this was consistent with
albumin leakage demonstrated by immunohistochemistry (IHC). (B) The area of WM
albumin leakage was significantly larger after SAH than in sham-operated mice. (C) The
area of albumin leakage on IHC correlated with the area of T2-hyperintensity on MRI.
Values are mean+SD; *P<0.05; n=4 for each. (D) Transmission electron microscopy
demonstrated WM microvascular ultrastructural abnormalities after SAH: swollen astrocyte
endfeet with autophagosome, tight junction detachment, erythrocytes trapped in capillary
lumen, and irregularity of basement membrane. Aph — autophagosome, Ast — astrocyte, BM
— basement membrane, E — erythrocyte, Nu — nucleus of endothelium, P — pericyte, Tj —
tight junction. Scale bar = 1um.
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GFAP

Page 11

Sham

SAH induces MMP-9 activation and activates astrocytes, oligodendrocyte precursors and
microglia in white matter. (A) Representative gelatin zymography demonstrates that activity
of MMP-9, but not MMP-2, increases in SAH compared to sham mice at 24 h after SAH
induction. (B) Quantification of MMP-9 activity on gelatin zymography. ™*P < 0.01; Values
are mean + SD; n=3 for each. (C) Representative 3,3 diaminobenzidine (DAB) staining of
glial fibrillary acid protein (GFAP), PDGFRa, and Iba-1 in the corpus callosum in sham

and SAH mice at 24 hours (Scale bar = 100pm).
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Figure 3.

Immunofluorescent double labeling for MMP-9 with glial fibrillary acid protein (GFAP;
astrocyte marker), PDGFRa (oligodendrocyte precursor marker), Iba-1 (microglial marker),
CD-31 (endothelial marker) or GST-m (mature oligodendrocyte marker). MMP-9 expressing
cells were mainly astrocytes and oligodendrocyte precursors, and not microglia, endothelial
cells or mature oligodendrocytes. (Scale bar = 20um).
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Figure4.
MMP-9 deletion ameliorated BBB disruption in white matter (WM) after SAH. (A)

Representative coronal T2 images of wild-type (WT) sham, WT with SAH, and MMP-9
knockout (MMP-97/") with SAH at 24 hours. (B) The volume of T2-hyperintensity in the
WM, and (C) ventricular volume at 24 hours after endovascular perforation or sham
procedure. Values are mean = SD; “"P < 0.001 vs. sham, and P < 0.01 vs. WT with SAH;
n.s. not significant; n=10 to 12.
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Figureb5.
White matter (WM) T2-hyperintensity and ventricular dilatation improved at 8 days after

subarachnoid hemorrhage (SAH). (A) Repeat coronal T2-weighted imaging (T2WI) in wild-
type (WT) and MMP-9~/~ mice at 1 and 8 days after SAH. Quantification of (B) the volume
of WM T2-hyperintensity and (C) ventricular volume after SAH. Values are mean +

SD; *™P < 0.001, and *"P < 0.01; n=8 for each.
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Figure6.
MMP-9 deletion ameliorated white matter injury after SAH. Representative luxol fast blue

(LFB) staining in wild-type (WT) control, WT with SAH, and MMP-9 knockout
(MMP-97/7) mice with SAH at day 8. Values are mean + SD; **P < 0.01 vs WT control,
and P < 0.01 vs WT with SAH; n=4 for each. Scale bar = 100um.
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