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Cortical spreading depression (CSD) is a propagating wave of neuronal and glial depolarization and has been
implicated in disorders of neurovascular regulation such as stroke, head trauma, and migraine. In this study,
we found that CSD alters blood-brain barrier (BBB) permeability by activating brain MMPs. Beginning at
3-6 hours, MMP-9 levels increased within cortex ipsilateral to the CSD, reaching a maximum at 24 hours
and persisting for at least 48 hours. Gelatinolytic activity was detected earliest within the matrix of cortical
blood vessels and later within neurons and pia arachnoid (=3 hours), particularly within piriform cortex; this
activity was suppressed by injection of the metalloprotease inhibitor GM6001 or in vitro by the addition of
a zinc chelator (1,10-phenanthroline). At 3-24 hours, immunoreactive laminin, endothelial barrier antigen,
and zona occludens-1 diminished in the ipsilateral cortex, suggesting that CSD altered proteins critical to the
integrity of the BBB. At 3 hours after CSD, plasma protein leakage and brain edema developed contemporane-
ously. Albumin leakage was suppressed by the administration of GM6001. Protein leakage was not detected in
MMP-9-null mice, implicating the MMP-9 isoform in barrier disruption. We conclude that intense neuronal

and glial depolarization initiates a cascade that disrupts the BBB via an MMP-9-dependent mechanism.

Introduction

Cortical spreading depression (CSD) is a self-propagating depo-
larization associated with depressed neuronal bioelectrical activity
and transient loss of membrane ionic gradients, and massive surges
of extracellular potassium (<50 mM) (1, 2) and neurotransmitters
as well as intracellular calcium (150 times the basal level). It was
first described in 1944 by Leao (3). CSDs are observed in some clini-
cal disorders like migraine, cerebrovascular diseases, head injury,
epilepsy, and transient global amnesia, and often they are multiple
(4-5). When combined with conditions imposing severe metabolic
stress (e.g., hypoglycemia or ischemia), CSD exacerbates cellular
injury and augments tissue damage, perhaps due to the energy
burden of reestablishing ionic equilibrium in tissues that already
have compromised blood flow and energy. CSD may also affect tis-
sue outcome by causing profound transient hyperemia (<200% of
baseline) and long-lasting (up to 3 days) oligemia (60-90% of base-
line) (6). CSD is associated with a multitude of changes in immedi-
ate early genes, growth factors, and neurotransmitter and neuro-
modulatory systems, as well as inflammatory mediators such as
interleukin-1f and tumor necrosis factor-a (7); however, it report-
edly does not cause cell death in normal brains (8).

MMPs are a gene family of neutral proteases important in not-
mal and abnormal brain function (9-12). They have been impli-
cated in processes such as (a) opening of the blood-brain barrier
(BBB) (13-15), (b) invasion of neural tissue by blood-derived
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immune cells (16), (c) shedding of cytokines and cytokine recep-
tors (12), and (d) direct cellular damage in diseases of the periph-
eral and central nervous systems (17). In addition, MMP activity
contributes to interactions between cells and their matrix, allow-
ing movement and shape changes important in processes such as
development and neuronal plasticity. MMPs can be divided into
five main groups based on protein structure: gelatinases (MMP-2
and MMP-9), collagenases (MMP-1, MMP-8, MMP-13,and MMP-18),
stromelysins (MMP-3, MMP-10, and MMP-11), membrane-type
MMPs (MMP-14, MMP-15, MMP-16, MMP-17, MMP-24, and
MMP-25), and matrilysins (MMP-7 and MMP-26) (18).

Expression and activity of several MMPs have been well studied
in brain during ischemia and inflammation (11). Asahi et al., using
knockout technology, showed that MMP-9 has a central role in
ischemic damage (19, 20). Knockout mice had smaller infarct vol-
umes. Other studies have also shown that MMPs are important for
BBB breakdown and for edema formation and leakage (21, 22). In
CNS inflammation, such as in multiple sclerosis, MMPs may play
an important role (11, 23).

MMPs disrupt the BBB, which comprises endothelial tight junc-
tions, pericytes, astrocytic end feet, and basal lamina. The basal
lamina contains extracellular matrix (ECM) molecules such as
type IV collagen, laminin, and fibronectin, most of which are sub-
strates for MMPs, especially MMP-2 and MMP-9 (12).

There is incomplete information regarding the effect of intense
neuronal and glial depolarization, as occurs during CSD, on matrix
and blood vessel function, and this has been speculated to be of
importance in neurovascular regulation (24). In this report we
studied the relationship between CSD, MMP activation, and BBB
changes. We observed that CSD causes prolonged MMP-9 activity
that leads to breakdown of the BBB, edema formation, and vascu-
lar leakage that can be suppressed by an MMP inhibitor.
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Results
Compared with results in animals subjected to anesthesia and
craniotomy but without CSD induction (sham) control, CSD
increased MMP-9 levels within cortical homogenates, as shown by
gelatin gel zymography (Figure 1, A and B). Bands corresponding
to MMP-2 gelatinolytic activity were visible in “control” animals
but did not change after CSD (n = 6 per group, except n = 2 at
48 and 96 hours) (Figure 1, A and C). MMP-9 levels increased in
two of six animals at 3 hours (not shown), was consistently higher
between 6 and 48 hours (P < 0.05), and disappeared by 96 hours.
All samples at 24 hours exhibited two MMP-9 bands (88 and 92
kDa) whose molecular weights corresponded to gelatin proteases
that appeared on gel zymograms of conditioned media from pri-
mary rat cortical neurons and astrocytes incubated with 100 nM
phorbol myristate acetate (PMA) for 24 hours (Figure 1B). We
observed MMP-9 mRNA in sham animals, suggesting the possi-
bility that MMP-9 is constitutively expressed and upregulated in
cortex after CSD. Induced MMP-9 mRNA expression was found
by RT-PCR (Figure 2; n = 3 per time point) beginning 1 hour after
CSD, consistent with transcriptional changes and other data indi-
cating new MMP-9 protein synthesis (Figure 1A).

To rule out the possibility that trauma (i.e., needle stab), not the
effect of CSD, increased MMP levels, we applied the NMDA recep-
tor blocker and CSD inhibitor MK-801 topically 15 minutes before
CSD. MK-801 blocked CSDs and also inhibited the development of
increased MMP-9 level at 12 hours in tissues remote from the nee-
dle stab (Figure 3A; n = 3). This result clearly showed that MMP-9
activity is related to CSD propagation and is less likely to be related
to the trauma used to initiate it.

We next tested whether administration of an MMP inhibi-
tor systemically reduced CSD-induced gelatin-cleaving activ-
ity. We observed a marked reduction in MMP-9 level in cortical
homogenates (Figure 3B; n = 3). These data are consistent with a
previous report showing that MMP zymographic activity decreas-
1448
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higher on the CSD side from 6 to 48 hours and
returned to basal levels by 96 hours. The molecu-
lar weights of both bands corresponded to those
of rat MMP-9 (92 kDa and 88 kDa). (B) Compari-
son of MMP-9 responses induced by CSD versus
MMP-9 in conditioned media from rat cortical neu-
ron (NC) and astrocyte (AC) cell cultures incubat-
ed with 100 nM phorbol myristate acetate (PMA)
for 24 hours. 92 kDa recombinant human MMP-9
(H) and 105 kDa recombinant mouse MMP-9
(M) standards were also loaded as molecular
weight markers. MMP-9 bands induced by CSD
at 24 hours matched those obtained from neu-
ron and astrocyte cultures. Ips, ipsilateral (CSD);
Cont, contralateral (non-CSD). (C) Densitometric
measurements confirm the increase in MMP-9
induced by CSD. Constitutive MMP-2 expression
and activity did not change after CSD and were
visualized in sham as well. nCSD, non-CSD.
*P < 0.05 compared with the contralateral side.

es after administration of a nonselective MMP inhibitor in vivo
(25). They strengthen the observation that CSD increased MMP
activity and that the evidence obtained by gelatin zymography
was specific for MMP.

To determine the spatial location of MMP-9 activity after CSD,
we examined cleavage of the fluorogenic substrate DQ gela-
tin in tissue sections (Figure 4, A and B). A single CSD increased
gelatinolytic activity in blood vessels examined 15-30 minutes
after CSD (Figure 4F) (48 + 6 versus 77 + 8 positive blood vessels
on the contralateral and CSD sides, respectively; P < 0.05). At 3
hours, gelatin-cleaving activity was present in cells (laminae II-1V;
n =4) within sections from piriform to occipital cortex, but was par-
ticularly prominent within piriform cortex (Figure 4). At 6 hours,
12 hours (data not shown; n = 4), and 24 hours (Figure 4B; n = 4),
fluorescent product was found in cells, pia arachnoid, and blood
vessels (Figure 4, C-E). Activity in the hippocampus was robust
bilaterally in both sham and experimental groups, consistent with
the constitutive MMP expression reported previously (26), and this
activity did not appear to increase after CSD. Nearly all fluorogenic
cleaving activity was blocked by preincubation of tissue sections
with a zinc chelator (1,10-phenanthrolin) for 15 minutes (not

Sham 1h

3h 6h
Ips Cont Ips Cont Ips Cont Ips Cont

— -_— ——

306 bp —

Figure 2

CSD upregulated MMP-9 mRNA in piriform cortex at 1, 3, and 6 hours.
The housekeeping gene GAPDH is shown for comparison. MMP-9
mRNA was constitutively expressed in both brain cortices from control
and contralateral to CSD.
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The NMDA receptor blocker MK-801 blocked CSD and suppressed
MMP-9 activity. (A) Topical MK-801 was administered 15 minutes
before CSD. No change in MMP-2 expression was detected. These
results suggest that MMP-9 activity is related to CSD but not to the
needle stab (n = 3). (B) The nonselective metalloprotease inhibi-
tor GM6001 was administered intraperitoneally 1 and 4 hours after
CSD (65 mg/kg for each). A marked reduction in MMP-9 activity
was found by gel zymography 12 hours later (two of three samples
showed decreased or no MMP level). These results indicate that CSD
increased MMP activity in vivo.

shown), confirming the specificity of this reaction. After injection
of a metalloprotease inhibitor, GM6001, in situ gelatinolytic activ-
ity decreased in neurons, meninges, and penetrating blood vessels
examined 12 hours later (data not shown).

Gelatinolytic activity was mostly found in large penetrating pial
vessels (>20 wm in diameter) as well as within tissue membranes in
the pia and arachnoid. To identify the cell types expressing gelatin
cleaving activity, we stained sequentially single sections for both
gelatin cleaving activity and expression of cell-specific antigens
(Figure 5; n = 5). Figure 5A shows that most gelatinolytic activ-
ity was present within neurons and was visualized in the walls of
blood vessels. Only infrequent colocalization was found between
glial fibrillary acidic protein (GFAP), an astrocytic marker, and gel-
atin cleaving activity. A particularly prominent example is shown
in Figure 5B. Colocalization was also uncommon in endothelial
cells (Figure 5C) and smooth muscle cells (Figure 5D). The results
did not differ when optical sections 1.8-5.1 um in thickness were
examined by laser-scanning confocal microscopy. Hence, most of

Figure 4

CSD increased in situ gelatinolytic activity in cortex ipsilateral to CSD.
(A-E) Activity appeared as green fluorescent product and developed
after incubation of coronal sections (10 um in thickness) with the fluoro-
genic substrate DQ gelatin. Increased gelatinolytic activity was detect-
ed at 3 hours (A) and 24 hours (B). The image in C represents a higher
maghnification of the boxed area in A (scale bar: 100 um). C shows
gelatinolytic activity in penetrating blood vessels (single arrow) and in
pia arachnoid (opposing arrows). (D and E) Activity is visualized in a
blood vessel (arrow) cut in cross-section (D) and in a vessel (arrow)
showing corrugations (E). Scale bars: 20 um. Gelatinolytic activity was
inhibited by preincubation with 1,10-phenanthroline (a nonselective
zinc chelator) (data not shown). (F) In situ gelatinolytic activity was
observed around blood vessels as early as 30 minutes to 1 hour after a
single CSD, and the number of labeled vessels was significantly higher
on the CSD side than on the non-CSD side or in sham-treated animals
(*P < 0.05 compared with non-CSD side or sham cortices for right and
left hemispheres).
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the cleaving activity of the fluorogenic substrate was present within
the vessel matrix.

MMPs, especially MMP-9, cleave basement membrane pro-
teins and disrupt the BBB. Using Western blot (» = 6) and
immunohistochemistry (n = 4), we found that CSD caused BBB
disruption and a decrease in the MMP substrate protein laminin
(Figure 6, A and C). Endothelial barrier antigen (EBA) was also
reduced (Figure 6C; n = 4). As anticipated, zonula occludens-1
(20O-1), a tight junction protein, colocalized with rat endothelial
cell marker (RECA). However, after CSD this decreased (Figure 6B;
n = 4). These results suggest that CSD may affect proteins impor-
tant for BBB function.

The vital dye Evans blue binds tightly to albumin, and this com-
plex is excluded from crossing the intact BBB. We therefore exam-
ined leakage of Evans blue in the brain after CSD and detected this
tracer in increased amounts in brain homogenates within 3-24
hours, as compared with leakage in the sham group and on the
non-CSD side (Figure 7A; n = 5 per time point). Evans blue was
prominently visualized surrounding blood vessels. Vascular leakage
of Evans blue was found on both sides (CSD and non-CSD) at 12
hours, but the number of staining vessels was higher on the CSD
side (CSD, 19 # 1.5, vs. non-CSD, 7 + 0.6; Figure 7B). Differences
between the two sides were also found by quantitative flourometric
measurements (Figure 7A). Evans blue leakage was long lasting and
was observed when this tracer was injected 21 hours after CSD (Fig-
ure 7C). Furthermore, edema developed within cortical gray matter
with a time course consistent with albumin leakage (Figure 7D).
The magnitude of the edema in cortical grey matter (approximately
3.0-4.6% above control) was less than the 6-9% reported in cortex
after ischemia (27, 28).

To address the role of increased MMP-9 activity on CSD-
induced tracer leakage, we administered the metalloprotease
inhibitor GM6001 and found that it completely blocked the
presence of Evans blue in brain 12 hours after CSD (Figure 8;
CSD/non-CSD ratio, 2.2 + 0.3 versus 0.95 + 0.18 after vehicle and
drug treatment, respectively; n = S per group; P < 0.05) but did
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not affect the electrophysiological properties of CSD. Prelimi-
nary results using BB94, a nonselective metalloprotease inhibi-
tor, confirmed these findings (data not shown).

As a second approach, we reasoned that if MMP-9 activation
were essential for CSD-induced albumin leakage, than extrava-
sated vital dye would be suppressed or absent in MMP-9-null
mice. Tracer leakage was significantly decreased at 6 hours in
MMP-9 knockout mice compared with age-matched control mice
of similar background strain (CD-1) (Figure 8; CSD/non-CSD
ratio, 1.1 £ 0.1 versus 2.6 = 0.3 for MMP-9-null mice and the
wild-type strain, respectively; n = 5; P < 0.05). The electrophysi-
ological properties of CSD did not differ between wild-type and
mutant mice. These data implicate MMP-9 in the BBB disrup-
tion that follows CSD.

Discussion

We report the novel finding that CSD activates and upregulates
MMPs and promotes sustained changes in vascular permeabil-
ity. MMP-9 activation was detected as early as 15-30 minutes by
in situ zymography and later by gelatin zymography. At 3 hours,
MMP activity appeared within neurons and pia arachnoidal mem-

Figure 5

Cellular marker

branes. We also detected Evans blue leakage and edema in corti-
cal tissues at this time point. MMP-9 activation was long lasting,
observed 48 hours after induction. MMP activity was first observed
within penetrating cortical arterioles, but did not colocalize with-
in endothelium or smooth muscle cells; it appeared prominently
within the vessel matrix. The rapid onset of MMP-like activity
suggested to us that blood vessels constitutively express MMPs,
perhaps synthesized within and released as a consequence of CSD
from the endothelium (29, 30) or smooth muscle. In fact, constitu-
tive MMP-9 was reportedly expressed in hippocampal blood ves-
sels (31, 32). It is well known that vascular smooth muscle cells
synthesize and release MMP-9, particularly when exposed to such
stimuli as mechanical injury, PMA, fetal calf serum, thrombin, and
interleukin-1lo, and concomitant with advanced age (33-36).

At 3 hours after CSD, most of the in situ gelatinolytic activity
was localized within neurons. Consistent with our results, oth-
ers have shown that MMP-9 and MMP-2 were visualized within
the granular cell layer and Bergman glia in adult cerebellum (37).
MMP activity is important for synaptic and extracellular reorgani-
zation or neurotoxicity (in ischemia and trauma) and it increases
within hippocampal neurons from a high basal level after kainite-

Merged Inset

CSD increased gelatinolytic activity within the vascular matrix. (A—D) Distribution of DQ gelatin—cleaving activity (in situ zymography) was com-
pared on single sections, with the locations of cells identified by staining with specific cell markers: astrocytes, GFAP; neurons, NeuN; endothelial
cells, RECA; smooth muscle cells, SMA. Cell markers were visualized by Cy-3 conjugated secondary antibody and were stained red in color.
Boxed areas from merged confocal images (Merged column) are shown at higher magnification in the far right column (Inset). Gelatin cleaving
activity was prominent in the walls of blood vessels and within surrounding neurons. Cleaving activity was rarely found colocalized with GFAP-
positive cells. The figure shows one example. Infrequent activity was detected in endothelial cells and smooth muscle cells but predominantly
within the vascular matrix. Sections were obtained 12 hours after CSD. Arrows point to areas showing colocalization. Scale bars: 20 um.
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induced seizure (26). Vecil et al. showed that neurons “expressed”
MMP-9 and MMP-2 gelatin cleaving activity in vitro under basal
conditions and that inflammatory stimuli such as cytokines like
interleukin-1f upregulate their expression (38). The consequenc-
es of neuronal MMP expression are not known. Release into the
extracellular space after CSD may contribute to vascular changes
we observed after CSD.

Oxygen radicals, nitric oxide (NO), and proteases have been
implicated in MMP activation. During CSD, proinflammatory
cytokines (6) and NO increase within brain tissue (39, 40). NO
synthesis is rapid and sustains for at least 1 hour (39). NO report-
edly S-nitrosylates a critical cysteine residue at the catalytic pocket
by displacing zinc (41). Other oxygen radicals such as superoxide
have been implicated as well (42, 43). Proteases such as stromely-
sin-1 and plasmin have been associated with MMP-9 activation.
The method of activation of the inactive form of MMP-9 will need
to be studied further.

CSD stimulates c-fos, tumor necrosis factor-a, interleukin-1f
production (7), and nuclear translocation of the NF-kB subunit
p6S (our unpublished data). All four bind the promoter region of
MMP-9 (9, 10). In accordance with these observations, we found
MMP-9 mRNA upregulation between 1 and 6 hours after CSD.
Furthermore, MMP-9 mRNA upregulation was reported after
potassium chloride-induced CSD, confirming a critical link
between depolarization and MMP gene upregulation (44).

MMPs cleave a broad range of substrates, including compo-
nents of basal lamina like laminin, type IV collagen, and brain
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Figure 6

CSD altered the immunostaining of laminin, ZO-1,
and EBA within the blood vessel wall. (A—C) Laminin
(approximate molecular weight, 200 kDa), a basement
membrane protein, was reduced ipsilateral to CSD on
immunoblots (at 12 hours) compared with that of the
sham group and compared with that of the contralateral
side. Similarly, CSD decreased the immunostaining of
laminin in blood vessels (C), indicating that CSD alters
the antigenicity of an integral basement membrane
protein (scale bars: 100 um). (B) These images show
colocalization of the tight junction protein ZO-1 with
RECA and show that CSD decreases the extent of this
colocalization (colocalization coefficient, 0.21 + 0.03 for
CSD versus 0.55 + 0.05 for control; P < 0.05). Compared
with the image of the opposite side (nCSD), the merged
image after CSD shows large segments of blood ves-
sels with green fluorescence only (arrows; scale bars:
20 um). (C) EBA immunostaining was also reduced in
cortical blood vessels after CSD. This decrease often
indicates impaired BBB function (scale bars: 100 um).

ECM components like elastin, fibronectin, tenascin,
and collagens. After ischemia or trauma, laminin,
type IV collagen, and the tight junction protein ZO-1
are reduced (45). We observed a decrease in laminin
immunoreactivity 12 hours after CSD, as well as a
decrease in EBA and ZO-1. In vivo targeting of EBA
(with anti-EBA) leads to opening of the BBB apparent-
ly via paracellular and transcellular routes, although
the exact role and identity of EBA is not known (46).
After traumatic brain injury, EBA decreases in the
zone of cortical contusion (47) and in ischemic brain
(48). However, we cannot state based on existing
data whether EBA, laminin, or ZO-1 is directly cleaved by MMP
in this model. However, the loss of ZO-1, a critical intracellular
tight junction protein (20), and loss of laminin immunoreactivity
(49) are consistent with BBB dysfunction. Kakinuma et al. found
that laminin production is reduced in astrocytes when BBB perme-
ability is enhanced in response to cold injury (49). In accordance
with these data, we observed increased albumin and brain water
content contemporaneously with loss of ZO-1 and laminin. Evans
blue leakage (and, we presume, increased brain water content) was
MMP dependent, indicating an effect of CSD and MMP-9 on BBB
function. The relative contributions of CSD-induced vascular and
neuronal MMP activity to changes in brain vascular permeability
were not determined.

To prove that BBB dysfunction develops as a specific conse-
quence of MMP-9 activation, we first tested an MMP inhibitor and
showed that leakage of albumin and MMP activity were blocked.
Second, we applied a zinc chelator that blocked most of the gela-
tin-cleaving activity in situ, indicating that proteases that require
zinc for their function (e.g., MMP-9) caused gelatin cleavage. As a
third approach, we used genetically engineered mice with a dele-
tion in the MMP-9 gene to show that MMP-9 was the protease
essential for leakage. MMP-9 knockout mice showed decreased
leakage. These findings are consistent with published data show-
ing that MMP-9-null mice have less BBB disruption and leakage
after experimental ischemia and trauma, suggesting that mecha-
nisms of BBB disruption between ischemia, trauma and CSD over-
lap (19, 20). We cannot rule out a possible contribution of tissue
Volume 113~ Number 10

May 2004 1451



research article

plasminogen activator (tPA) to MMP activation during early time
points. It is known that tPA is released after depolarization by cal-
cium-mediated mechanisms in neurons in vitro (50), and tPA can
upregulate MMP-9 (30), as can other MMP subtypes. Consistent
with this idea, we detected MMP-8 gene upregulation at 24 hours
after CSD (our unpublished data).

There is abundant experimental evidence that repetitive
spreading depressions contribute to the evolution of infarcts
in peri-infarct tissue in rats and cats (51-54). BBB disruption
may sometimes accompany stroke, trauma, and migraine, and
one recent report indicates that migraineurs with aura have a
high prevalence of cerebellar infarcts if they experience one or
more attack(s) per month (55). Our data suggest the possibility
that peri-infarct CSD may open the BBB and promote sustained
leakage of serum proteins by MMP-dependent mechanisms.
Barrier disruption may contribute to cell death and an increase
in infarct volume in compromised brain. Hence, CSD may aug-
ment MMP upregulation and vascular permeability changes in
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migraine, stroke, and trauma and may possibly contribute to
susceptibility to cerebral hemorrhage (54, 56, 57).

Methods

CSD. The CSD model was used as described previously (24, 58)
and all experiments were performed following an institutionally
approved protocol in accordance with The National Institutes
of Health Guide for the Care and Use of Laboratory Animals
under institutional guidelines. Briefly, male Sprague Dawley rats
(250-300 g body weight) or male mice (MMP-9-null mice and
age-matched CD1 mice; 25 g body weight) were anesthetized via
intraperitoneal injection of sodium pentobarbital (60 mg/kg) and
were placed in a stereotaxic frame. The dura mater was opened
carefully bilaterally. Recording electrodes were placed symmetri-
cally over both hemispheres (frontal: 1-3 mm anterior and 2-4
mm lateral to the bregma for rats; 1-2 mm anterior and 1-3 mm
lateral to the bregma for mice) unless noted otherwise. In every
experiment, a sham group was prepared by making a bilateral
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CSD causes Evans blue leakage and edema within cerebral cortex. (A) Evans blue was injected 15 minutes prior to the onset of CSD. The vital
dye (Evans blue) was extracted from cortical tissues at the indicated time points. There was a statistically significant difference (*, see below)
between leakage into the CSD cortex and that of the sham group or the contralateral side. (B) Plasma proteins leak from cortical blood ves-
sels after CSD. The number of vessels (>10 um in diameter) in which leakage was detected on both CSD and non-CSD (contralateral) cortex
are shown for six animals (P < 0.05). Confocal images show one vessel leaking Evans blue on the CSD side and a non-leaking vessel on the
non-CSD side (scale bars: 100 um). (C) Evans blue leakage was long lasting. When injected at 21 hours after CSD, vital dye was detected in
CSD cortex 3 hours later and it was higher than that of sham cortex and the non-CSD side (n = 5; P < 0.05). (D) CSD caused a time-dependent
increase in edema, as expressed by percentage water content (wet-dry/wet) brain weights. At 3, 6, and 24 hours, edema measured in piriform
cortex increased on the CSD side compared with that of the non-CSD side and sham group. Asterisk denotes significant difference compared

with contralateral cortex or to the sham group in A-D; P < 0.05.
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CSD-induced plasma protein leakage was suppressed after MMP inhi-
bition or after CSD in mice lacking MMP-9 gene expression. Evans
blue leakage is blocked by the nonselective metalloprotease inhibitor
GM6001 (65 mg/kg intraperitoneally, given 1 hour before and 4 hours
after CSD) when examined at 12 hours, compared with that of vehicle-
treated animals (n = 5 per group; *P < 0.05 vs. vehicle). A decrease in
leakage 6 hours after CSD was detected in mice lacking MMP-9 gene
expression compared with that of the same age-matched mice of simi-
lar background (CD-1) (n = 5 per group; #P < 0.05 vs. wild-type strain),
although CSD itself did not differ between strains. Data are expressed
as a ratio of Evans blue leakage in homogenates from both sides.

craniotomy and opening the dura mater in anesthetized animals.
No electrodes were inserted. In the experimental groups, cortical
steady potentials and electrocorticograms were recorded by single-
barrel glass microelectrodes inserted 900 um into the cortex for
rat and 400 wm into the cortex for mice or placed on the surface
to prevent CSD during electrode insertion. CSD was initiated by
pinprick with a 30-gauge needle. Rectal temperature was moni-
tored continuously and body temperature was kept at 37 + 0.5°C
until the animals awoke from anesthesia. A three-CSD paradigm
was routinely used unless noted otherwise. CSDs and their electro-
physiological characteristics were monitored carefully.

Gelatin gel zymography. Tissue samples were homogenized (and
immunoprecipitates were resuspended) in “working buffer” (50
mM Tris-HCl, pH 7.6, 150 mM NaCl, S mM CaCl,, 0.05% BRIJ-35,
and 0.02% NaN3). Proteins (25 pg) were separated by electrophore-
sis through 10% polyacrylamide zymogram gels containing gelatin
(Invitrogen, Carlsbad, California, USA) under nondenaturating
and nonreducing conditions. After washes in 2.5% Triton X-100
to remove SDS and then in 50 mM Tris-HCI, pH 7.5, the gels were
incubated overnight in developing buffer (50 mM Tris-HCL, pH 7.5,
10 mM CaCl,, 1 uM ZnCl,, and 0.05% BRIJ-35) at 37°C. Gels were
stained with 0.25% Coomassie blue G-250 in 20% methanol and
10% acetic acid, then were washed in solution with 20% methanol
and 10% acetic acid before being photographed and analyzed by
densitometry (MCID Elite, St. Catharines, Ontario, Canada).

In situ zymography and double labeling with fluorescent probes. In situ
gelatinolytic activity was performed on frozen brain sections 10
um in thickness using a commercial kit (EnzCheck Gelatinase
Assay Kit; Molecular Probes, Eugene, Oregon, USA). Sections were
incubated with DQ gelatin conjugate, a fluorogenic substrate, at
37°C overnight and then, after being washed, were fixed in 4%
paraformaldehyde in phosphate-buffered saline (PBS). Cleavage
of DQ gelatin by MMPs resulted in a green fluorescent product
(wavelengths: excitation, 495 nm; emission, 515 nm). Homologous
brain regions were compared. Some tissue sections were incubat-
ed with the zinc chelator 1,10-phenanthroline (1 mM in DMSO;
Molecular Probes), a nonspecific inhibitor of MMP activity.
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After in situ gelatinolytic activity was assessed, some fixed tissue
sections were incubated with Cy3-conjugated antibodies specific
for neurons (NeuN; 1:200 dilution; Chemicon, Temecula, Cali-
fornia, USA), astrocytes (GFAP; 1:200 dilution; Sigma-Aldrich,
St. Louis, Missouri, USA), endothelium (RECA; 1:200 dilution;
Serotec, Raleigh, North Carolina, USA), and vascular smooth
muscle (SMA; 1:200 dilution; Sigma-Aldrich). Sections mounted
using an anti-fade kit (SlowFade; Molecular Probes) were exam-
ined with a Zeiss LSM-Pascal confocal laser-scanning microscope
(Oberkochen, Germany) and/or a fluorescence microscope. Single
optical sections (1.8-5.1 um in thickness) were imaged.

Quantification of vessels positive for in situ zymography. Sections were
obtained 15-30 minutes after one CSD. Positively labeled vessels
on both the CSD and non-CSD sides were counted manually over
all cortical lamina (magnification, x200) in four consecutive sec-
tions obtained about 4 mm posterior to the frontal pole and pass-
ing through the hippocampus. The raters were unaware of the
experimental protocol used for each sample.

Immunohistochemistry. After an overdose of pentobarbital, ani-
mals were perfused intracardially with heparinized saline (50 ml
for rat and 20 ml for mice) followed by 4% paraformaldehyde
in PBS. Brains were post-fixed for 24 hours with the same fixa-
tive, then were cryoprotected in 30% sucrose and sectioned at 40
um. For immunohistochemical staining, sections were washed
in PBS and incubated in 10% donkey serum in PBS containing
0.35% Triton X-100 for 30 minutes. Then they were incubated
with primary antibodies in 2% donkey serum overnight at 4°C.
Antibodies against EBA (1:200 dilution; Stenberger Monoclonals
Inc., Lutherville, Maryland, USA), laminin (1:500 dilution; Sigma-
Aldrich), and ZO-1 (1:100 dilution; Zymed, South San Francisco,
California, USA) were used. Primary antibody omission, incuba-
tions with either blocking solution or PBS, and comparison with
Western blot analysis were carried out to test the specificity of the
immunoreactivity observed. After being washed, sections were
incubated at room temperature for 3 hours in 2% donkey serum
with FITC-labeled secondary antibodies (1:200 dilution). Sections
were then washed and mounted using an anti-fade kit (SlowFade;
Molecular Probes) and were examined with a Zeiss LSM-Pascal
confocal laser-scanning microscope and/or a fluorescence micro-
scope. Single optical sections (1.8-5.1 wm in thickness) were col-
lected and “pseudocolored” according to their original fluoro-
chromes. Blood vessels (full thickness) were imaged. Blood vessels
(full thickness) were examined by Z-stack imaging (LSM Pascal,
Zeiss, Oberkochen, Germany).

Quantification of ZO-1 and RECA. ZO-1 immunostaining was per-
formed as described in Methods. Sections were obtained 12 hours
after three CSDs. After being washed in PBS, sections were incu-
bated for 3 hours at room temperature in 2% donkey serum with
RECA (1:200 dilution; Serotec). A Cy3-labeled secondary antibody
was used for ZO-1 labeling and an FITC-labeled one was used for
RECA labeling. Double-labeled sections (three per each animal)
passing through hippocampus were analyzed with a Zeiss LSM-
Pascal confocal laser-scanning microscope. The cortex of each sec-
tion was divided into ten regions of interest on both the CSD and
non-CSD sides and the colocalization coefficient was calculated
per area. The mean of three sections per animal was obtained; val-
ues are expressed as mean + SEM.

Western blot analysis. Tissues were homogenized in radioimmuno-
precipitation buffer (20 mM Tris-HCI, pH 7.5, 50 mM NaCl, 1 mM
EDTA, 0.5% NP-40, 0.5% SDS, and 0.5% deoxycholic acid), PMSF
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(0.1 mM), and proteinase inhibitor cocktail (Sigma-Aldrich). After
protein measurement and polyacrylamide gel electrophoresis,
the proteins were transferred to PVDF membranes and incubat-
ed with laminin antibody (1:500 dilution; Sigma-Aldrich). After
being washed in Tris-buffered saline with 0.1% Tween-20 (Sigma-
Aldrich), membranes were incubated in secondary horserad-
ish peroxidase-labeled antibody for 1 hour. Then proteins were
visualized using the enhanced chemiluminescence procedure
(Amersham Biosciences, Piscataway, New Jersey, USA). $-Actin was
used as an internal standard. Densitometry was performed using
MCID Elite software.

RT-PCR. Total RNA was isolated from CSD and non-CSD brain
tissue using Trizol and reverse transcription was performed
using SuperScript II (Invitrogen, Carlsbad, California, USA). A
first-strand synthesis system (Invitrogen) was used according
to the manufacturer’s recommendations. The following prim-
ers were used: rat MMP-9, 5'-AGATGTGGGTGTACACAGGC-3'
and 5'-TTCACCCGGTTGTGGAAACT-3'; rat GAPDH, 5'-TTA-
AGGGCATCCTGAGCTACACT-3" and 5'-TTACTCCTTGGAG-
GCCATGTAGG-3'.

Pharmacological studies. The broad-spectrum metalloprotease
inhibitor GM6001 (65 mg/kg intraperitoneally; Chemicon) was
given 1 hour before and 4 hours after CSD induction. GM6001
was administered intraperitoneally as a suspension of 7 mg/ml
in 45% cyclodextrin (weight/volume) as described (26). Controls
received the same volume of vehicle (45% cyclodextrin [weight/vol-
ume]) 1 hour before and 4 hours after three CSDs.

To ensure that CSD and not needle stab or traumatic injury acti-
vated MMPs, the NMDA receptor blocker MK-801 (Sigma-Aldrich)
was applied topically (S mM; 100 ul) 15 minutes before the needle
stab. MK-801 blocks CSD wave propagation but does not block
MMP enzymatic activation directly (our unpublished data).

Albumin leakage and brain edema measurements. For quantifica-
tion of tracer after CSD, 2% Evans blue was injected (3-ml/kg
dose via the tail vein 15 minutes before CSD induction). Rats
were perfused with cold saline, and tissues from piriform or other
homologous cortices were weighted and homogenized in a ten-

—

fold volume of 50% trichloroacetic acid. After centrifugation, the
supernatants were diluted fourfold with ethanol. Fluorescence
intensity was measured by a microplate fluorescence reader (620
nm excitation, 680 nm emission; Wallac, Perkin Elmer, Wellesley,
Massachusetts, USA). Calculations were based on external stan-
dard readings and extravasated dye was expressed as nanograms
per milligram tissue or as leakage on the CSD/non-CSD sides.
Edema was expressed as dry weight/wet weight of CSD brain
tissue. After CSD, brains were removed and weighed, then were
dried at 99°C for 48 hours and reweighed.

Statistical analysis. All data are presented as mean + SEM values.
Differences between groups were determined by Student’s ¢ test
or by two-way ANOVA for repeated measures or one-way ANOVA
followed by the Bonferroni correction. Pvalues less than 0.05 were
considered statistically significant.
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