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Abstract

Intracerebral hemorrhage (ICH) results from rupture of a blood vessel in the brain. After ICH, the blood—brain barrier (BBB) surrounding the
hematoma is disrupted, leading to cerebral edema. In both animals and humans, edema coincides with inflammation, which is characterized by
production of pro-inflammatory cytokines, activation of resident brain microglia and migration of peripheral immune cells into the brain.
Accordingly, inflammation is an attractive target for reducing edema following ICH. In the present study, BBB damage was assessed by
quantifying intact microvessels surrounding the hematoma, monitoring extravasation of IgG and measuring brain water content 3 days after ICH
induced by collagenase injection into the rat striatum. In the injured brain, the water content increased in both ipsilateral and contralateral
hemispheres compared with the normal brain. Quantitative real-time RT-PCR revealed an up-regulation of inflammatory genes associated with
BBB damage; IL1B3, TNFa and most notably, MMP-12. Immunostaining showed MMP-12 in damaged microvessels and their subsequent loss
from tissue surrounding the hematoma. MMP-12 was also observed for the first time in neurons. Dual-antibody labeling demonstrated that
neutrophils were the predominant source of TNFa protein. Intraperitoneal injection of the tetracycline derivative, minocycline, beginning 6 h after
ICH ameliorated the damage by reducing microvessel loss, extravasation of plasma proteins and edema; decreasing TNFa and MMP-12
expression; and reducing the numbers of TNFa-positive cells and neutrophils in the brain. Thus, minocycline, administered at a clinically relevant

time, appears to target the inflammatory processes involved in edema development after ICH.

© 2007 Elsevier Inc. All rights reserved.
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Introduction

Intracerebral hemorrhage (ICH) accounts for 10—-30% of all
strokes, with as much as 30-40% mortality by one month
(Rincon and Mayer, 2004). After ICH, cerebral edema begins
within hours, can last for weeks and is thought to contribute to
neurological deterioration by increasing intracranial pressure or
causing a shift in midline structures (Mayer and Rincon, 2005).
Vasogenic edema is prevalent after ICH (Rincon and Mayer,
2004) and results from pathological changes in the blood—brain
barrier (BBB) and consequent fluid movement from the vas-
culature to the extracellular space of the brain. Less important is
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the cytotoxic edema resulting from increased water uptake
by brain cells (especially neurons). The BBB serves as the
anatomical barrier between the blood and brain parenchyma and
is comprised of endothelial cells, astrocytic end-feet, pericytes
and a specialized basement membrane (the basal lamina) that
serves as a scaffold supporting the physical integrity of the
microvasculature. Although the basal lamina is clearly involved
in BBB breakdown after ischemic stroke (Hamann et al., 2002),
its role after ICH remains unresolved.

The inflammatory response following ICH, like other forms
of brain injury, is characterized by production of several
molecules that can disrupt the BBB (Wang and Dore, 2006).
Moreover, because the delayed onset of both inflammation and
vasogenic edema allows more time for patients to reach hospital
after the onset of ICH, they are attractive therapeutic targets. In
other forms of brain injury, the initial inflammatory response is
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orchestrated by the cytokines, TNFa and IL1{, which are up-
regulated within hours (Barone and Feuerstein, 1999; Hua et al.,
2006; Mayne et al., 2001b,a; Qureshi et al., 2001), but less is
known about their temporal and spatial expression after ICH.
While the ‘resting’” BBB severely limits movement of fluid,
macromolecules and cells into the brain, TNFa and ILIP
‘activate’ the endothelium, increase its permeability and allow
adhesion and entry of peripheral immune cells (Feuerstein et al.,
1998; Middleton et al., 2002; Zhang et al., 2000). Transmigrating
neutrophils in particular, produce cytotoxic molecules including
inflammatory cytokines, reactive oxygen species and matrix
metalloproteinases (MMPs) (Scholz et al., 2007). MMP produc-
tion, also ascribed to endothelial cells, microglia/macrophages,
astrocytes and neurons, can further damage the BBB by degrading
the basal lamina of cerebral blood vessels (Rosenberg, 2002).
Following ICH in the rat, several MMPs are up-regulated (Power
etal., 2003; Wells et al., 2005), but their impact on cerebral blood
vessels and BBB breakdown has yet to be assessed.

Minocycline, a semi-synthetic tetracycline derivative, is of
particular therapeutic interest for CNS disorders because it has a
high oral bioavailability, superior BBB penetration and is well
tolerated by humans, where it has been used for decades to treat
bacterial infections (Stirling et al., 2005; Yong et al., 2004). Its
efficacy has been demonstrated in animal models of acute brain
injury, including focal ischemia (Yrjanheikki et al., 1998, 1999),
ICH (Power et al., 2003), traumatic brain injury (Sanchez Mejia
et al., 2001) and spinal cord injury (Wells et al., 2003), and
proposed mechanisms include very diverse effects on several
cell types. With respect to inflammation, it can inhibit activation
and migration of inflammatory cells, and after ICH in the rat it
inhibits macrophages/microglia (Power et al., 2003; Wasserman
and Schlichter, 2007) and neutrophils (Wasserman and Schlich-
ter, 2007). Minocycline has been reported to reduce specific
cytokines (TNFa, IL13) and MMPs (Elewa et al., 2006; Power
et al., 2003) that have been implicated in BBB damage, and in
animal models of ischemic stroke it can reduce BBB damage
(Maier et al., 2006; Yenari et al., 2006).

The present work builds on two studies of collagenase-
induced ICH in the rat striatum. Power and colleagues (2003)
described the time course of MMP mRNA expression distal to
the hematoma (2—4 mm) and effects of early treatment with
minocycline (starting at 1 h) on MMP up-regulation and the
neurological outcome. In the same model (Wasserman and
Schlichter, 2007), we recently investigated the spatial and
temporal relationship between neuron death and inflammation,
and effects of minocycline treatment begun at a later, more
clinically relevant time (6 h); i.e., after the hematoma had
reached its maximal size. Using the same model, we now assess
the effects of delayed minocycline treatment on blood vessel
deterioration and edema, and on time-dependent changes in
several key molecules involved in these events. BBB damage
was monitored by counting the number of intact microvessels
surrounding the hematoma (Hamann et al., 2002), assessing the
extravasation of IgG into the brain (Tanno et al., 1992), and
measuring brain water content 3 days after ICH onset. Then,
because a prominent inflammatory response occurs in the tissue
immediately adjacent to the hematoma, we monitored gene

expression in and around the damage site with and without
minocycline treatment and began at an earlier time than
previously examined. Expression of IL1p, TNFa, MMP-3,
MMP-9, MMP-12 and the microglia/macrophage marker,
complement receptor 3 were monitored at 6 h, 1 day and
3 days after ICH, using quantitative real-time RT-PCR. Finally,
for the two genes whose up-regulation was reduced by
minocycline (TNFa, MMP-12), we used immunohistochemistry
to determine which cell types expressed the proteins. We show
that TNFa increased early, mainly in neutrophils; whereas,
MMP-12 increased later in damaged microvessels surrounding
the hematoma. Delayed minocycline treatment reduced: micro-
vessel loss, plasma protein extravasation and edema; expression
of TNFa and MMP-12; and the number of TNFa-positive cells
and neutrophils in the brain. These findings support a model
whereby immune cells produce TNFa, which leads to an
increase in MMP-12 in microvessels surrounding the hematoma,
causing further degradation of the basal lamina and BBB
disruption.

Methods
Intracerebral hemorrhage and minocycline treatment

Intracerebral hemorrhage was induced in the striatum of male
Sprague—Dawley rats (300-350 g, n=40) as previously
described (Rosenberg et al., 1990; Wasserman and Schlichter,
2007). All procedures were approved by the University Health
Network animal care committee, in accordance with guidelines
established by the Canadian Council on Animal Care. Rats were
anesthetized using isoflurane (3% induction, 1.5% maintenance)
and placed in a stereotaxic frame. Under aseptic conditions, a 1-
mm diameter burr hole was drilled in the skull (0.2 mm anterior
and 3 mm lateral to bregma) and a 30-gauge needle was lowered
into the right caudate putamen (6 mm ventral from the skull
surface). A micropump (Micro4, World Precision Instruments,
Sarasota, FL) delivered 0.25 U of bacterial type IV collagenase
(Sigma, Oakville, ON) in 0.5 pL saline, at 250 nL/min, after which
the needle was left in place for 5 min to prevent solution reflux. For
sham-operated controls (n=24), the same procedures were
performed, except that collagenase was omitted from the saline.
Core temperature was maintained at 37 °C using an electric heating
pad throughout surgery and recovery; animals regained conscious-
ness within 10 min. This procedure resulted in reproducible lesions
that were restricted to the striatum (see Fig. 1A) except in a few
animals, where a small amount of blood was also observed in the
surrounding white matter. No animals died as a result of any of the
surgeries.

Minocycline (Sigma) was stored at 4 °C until freshly prepared
in sterile saline for intraperitoneal injection (45 mg/kg) at 6 h and
1 and 2 days after ICH onset. Control animals received an
equivalent amount of sterile saline. Similar minocycline doses
have been used in models of hemorrhagic (Power et al., 2003;
Szymanska et al., 2006; Wasserman and Schlichter, 2007) and
ischemic stroke (Hewlett and Corbett, 2006; Yrjanheikki et al.,
1998). Previous studies began treatment sooner (i.e., at 1 h; Power
et al., 2003; at 3 h; (Szymanska et al., 2006), while our studies
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Fig. 1. Minocycline reduces cerebral edema and loss of microvessels after intracerebral hemorrhage (ICH). (A) A typical hematoma in a section sliced coronally
through the middle of the hematoma 1 day after injection into the striatum of 0.25 U bacterial type IV collagenase. For each condition, microvessels and cells were
counted in four randomly selected grids (black boxes show examples) at the edge of the hematoma and in a homologous region of the contralateral striatum. All bar
graphs show the average of four grids each for the number of animals indicated below. The white dotted boxes show the approximate regions harvested for real-time
RT-PCR. Scale bar, 1 mm. (B) At 3 days after ICH onset, edema (i.e., percent brain water) was increased in the ipsilateral hemisphere (T"'+p<0.0()1) and to a lesser
degree in the contralateral hemisphere (Tp<0.05; n=7) compared with sham-operated controls (»=3). The dashed line indicates the mean water content of the striatum
of naive rats (n=6), not subjected to any surgical procedure. Minocycline treatment (i.p. injections at 6 h, 1 day and 2 days, see Methods) reduced edema in the
ipsilateral hemisphere (**p<0.01; n=8) compared with vehicle-treated animals (2=8). (C) Representative confocal images at 3 days after ICH onset, showing
microvessels, stained with an antibody against collagen type IV, in the contralateral striatum and at the edge of the hematoma. Scale bars, 100 pm. (D) At 3 days,
microvessels were counted and averaged from 4 grids for each of 4 rats per treatment group. Vehicle-treated rats had fewer microvessels at the edge of the hematoma,
compared with the contralateral striatum of the same animal (/p<0.05) or the ipsilateral striatum of sham-operated animals (7»<0.05). Minocycline reduced
microvessel loss at the edge of the hematoma compared with vehicle-treated controls (*p<0.05). (E) Representative confocal images at 3 days after ICH onset.
Microvessels are stained with an antibody against collagen type IV and anti-IgG antibody shows extravasation of plasma immunoglobulin G at the edge of the
hematoma. Scale bars, 100 pm.
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have delayed the initial treatment to a more clinically relevant
time (Power et al., 2003; Szymanska et al., 2006; Wasserman and
Schlichter, 2007; present study).

Brain water content

Edema was assessed by measuring brain water content, with
some modifications to an earlier protocol (MacLellan et al.,
2004). Three days after ICH onset, animals (n=7-8 per
treatment group) were overdosed with isoflurane, decapitated
and their brains were removed. The cerebellum and brain stem
were removed, the remaining hemispheres were divided along
the midline and their wet weights determined. Dry weights were
obtained after drying for 24 h in an oven at 100 °C. Water content
was expressed as a percentage of the wet weight: (wet weight —

dry weight)/(wet weight) x 100. Brain water content was also
measured in sham-operated animals receiving a saline injection
and in naive animals that received no surgery.

Immunohistochemistry

Animals were sacrificed by an overdose of isoflurane at
3 days (n=2R8) after the onset of ICH, and then perfused through
the heart with 100 mL phosphate-buffered saline (PBS) followed
by 60 mL of fixative (4% paraformaldehyde, 2% sucrose in PBS;
pH 7.5). Dissected brains were stored in the same fixative at4 °C
overnight, followed by 10% sucrose for 24 h, and 30% sucrose
for 48 h. Fixed brains were cut coronally through the needle
entry site (easily identified on the brain surface), and at 4 mm
anterior and 4 mm posterior to that plane. Frozen brain sections
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(16 pm thick) were made using a cryostat (JungCM 3000, Leica,
Richmond Hill, ON) and were stored at —80 °C until used.

Microvessels and cells were visualized by immunohistochem-
istry on adjacent frozen sections using a confocal fluorescence
microscope (Zeiss LSM 510 META, Oberkochen, Germany).
Counts were made by a blinded observer and averaged over four
grids (368 %368 pm each) adjacent to the hematoma and in
homologous regions of the contralateral striatum (see boxed areas
in Fig. 1A), with 4-8 animals per treatment group, as indicated.
Microvessels were identified with an antibody against collagen
type IV (rabbit polyclonal, 1:250, Abcam, Cambridge, MA),
which is a major constituent of the basal lamina of cerebral vessels
(Hamann et al., 2002). Extravasation of IgG was detected in
frozen brain sections with an antibody against rat IgG (donkey
polyclonal, 1:100, Jackson Laboratories, West Grove, PA).
Antibodies used to identify cell types were anti-microtubule-
associated protein-2 (MAP2; rabbit polyclonal; 1:1000; Chemi-
con, Temecula, CA) for neurons, ‘ionized calcium-binding
adapter-1 (Ibal; rabbit polyclonal; 1:1000; Wako, Japan) for
microglia/macrophages and myeloperoxidase (MPO; rabbit
polyclonal; 1:300, Dako-Canada, Mississauga, ON) for neutro-
phils. Cell counts were automated using a cell counting tool in
Image] software (NIH, version 1.33k). In order to identify the
cellular source and location of MMP-12 and TNFa, double
labeling was performed with one of these cell markers and an
antibody against MMP-12 (mouse monoclonal; 1:150; Minnea-
polis, MN) or TNFa (Armenian hamster polyclonal; 1:100;
eBioscience, San Diego, CA). For secondary antibody labeling,
the sections were washed in PBS (3%, 10 min each) and incubated
(2 h, room temperature) in PBS containing 3% normal goat
serum, 0.3% Triton X-100 and either a Cy3-conjugated anti-
mouse antibody (1:500; Jackson Laboratories) and/or an Alexa
488-conjugated anti-rabbit antibody (1:500; Molecular Probes,
Burlington, ON), as appropriate.

Quantitative real-time reverse transcriptase polymerase chain
reaction (qRT-PCR)

To assess temporal changes in gene expression, nRNA levels
were monitored by real-time RT-PCR (Bustin and Nolan, 2004;
Kaushal et al., 2007). Brain tissue was rapidly harvested after
rats were sacrificed by an overdose of isoflurane, and then
perfused through the heart with 100 mL PBS. Dissected brains
were cut coronally, 2 mm anterior and 2 mm posterior to the
needle entry site (easily identifiable on the surface of the brain)
and were divided into separate hemispheres along the midline.
Next, the striatum on each side of the brain was separated from
the surrounding white matter and cortex, and used for RNA
extraction. In ICH animals, this area included most of the
hematoma and a surrounding region of striatal tissue. Primers
were designed with the ‘Primer3Output’ program (http://frodo.
wi.mit.edu/cgi-bin/primer3/primer3_www.cgi) (Table 1).
RNeasy mini kits (Qiagen, Mississauga, ON) were used to
isolate RNA after degrading any contaminating DNA with
DNasel (0.1 U/ml, 15 min, 37 °C; Amersham Biosciences, Baie
d’Urfe, PQ). A two-step reaction was performed according to the
manufacturer’s instructions (Invitrogen); i.e., total RNA (1 pg)

Table 1
Primers used for real-time RT-PCR

Gene GenBank accession #  Primer sequences
CR3 NMO012711 TGCTGAGACTGGAGGCAAC (FP)
CTCCCCAGCATCCTTGTTT (RP)
IL1p NMO031512 TGACCCATGTGAGCTGAAAG (FP)
AGGGATTTTGTCGTTGCTTG (RP)
MMP-3 NM133523 TCCCACAGAATCCCCTGA (FP)
CGCCAAAAGTGCCTGTCT (RP)
MMP-9 NMO031055 CTGCCTGCACCACTAAAGG (FP)
GAAGACGAAGGGGAAGACG (RP)
MMP-12  NMO053963 CTGGGCAACTGGACACCT (FP)
CTACATCCGCACGCTTCA (RP)
TNFa NMO012675 GCCCACGTCGTAGCAAAC (FP)
GCAGCCTTGTCCCTTGAA (RP)
HPRT1 XM343829 CAGTACAGCCCCAAAATGGT (FP)

CAAGGGCATATCCAACAACA (RP)

FP: forward primer; RP: reverse primer.

was reverse transcribed in 20 pL volume using 200 U of
SuperScriptll RNase H-reverse transcriptase, with 0.5 mM
dNTPs (Invitrogen) and 0.5 pM oligo dT (Sigma). Amplification
was performed on an ABI PRISM 7700 Sequence Detection
System (PE Biosystems, Foster City, CA) at 95 °C for 10 min,
followed by 40 cycles at 95 °C for 15 s, 56 °C for 15 sand 72 °C
for 30 s. ‘No-template’ and ‘no-amplification’ controls were
included for each gene, and melt curves showed a single peak,
confirming specific amplification (Bustin and Nolan, 2004). The
threshold cycle (Ct) for each gene was determined, normalized
against the housekeeping gene, hypoxanthine guanine phosphor-
ibosyl transferase (HPRT1) and expressed as fold changes relative
to sham-operated, time-matched controls (without ICH). At each
time point (6 h, 1 day and 3 days), rats with ICH were compared
with time matched sham-operated controls, and with rats receiving
an ICH plus minocycline.

Statistical analyses

Where appropriate, data are expressed as the mean+SD for
the number of animals indicated. ANOVA, with Bonferroni post
hoc correction was used to compare differences between treat-
ment groups, with p<0.05 considered significant.

Results

Minocycline reduces cerebral edema and the loss of
microvessels

Cerebral edema peaks at 3—4 days after ICH onset in the rat
(see Discussion); thus, we measured the brain water content at
3 days (Fig. 1B). Naive rats, not subjected to any surgical
procedure, had a brain water content of 78.65+0.11% (n=06),
whereas sham-operated rats (saline-injected, no collagenase;
n=3) had a brain water content of 79.2+0.09% in the ipsilateral
hemisphere and 78.9+0.06 in the contralateral hemisphere. The
cerebral hemisphere was used as the internal control, rather than
the cerebellum, which had lower water content (~76%). After
ICH, the water content of vehicle-treated rats (n=7) significantly
increased compared with sham-operated rats: to 83.00+0.29%
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in the ipsilateral hemisphere (p<0.001), and 80.84+0.31% in
the contralateral hemisphere (»<0.05). Minocycline, adminis-
tered 6 h after ICH onset, reduced the water content in the
ipsilateral hemisphere to 81.44+0.39% compared with vehicle-
treated controls (p<0.01; n=8). The water content in the
contralateral hemisphere was also decreased (to 79.65+0.26%)
but did not reach statistical significance.

Vasogenic edema results from degradation of the basal lamina,
which disrupts the physical integrity of the BBB and allows serum
proteins and fluid to enter the brain. First, basal lamina degradation
was monitored by counting the number of intact vessels in the
surrounding parenchyma (Hamann et al., 2002). This method — in
contrast to the frequently used extravasation of Evans Blue dye —
allowed the spatial and anatomical association of specific proteins
with damaged vessels. Immunostaining for collagen type IV
showed microvessel disruption in the ipsilateral striatum of
vehicle-treated ICH animals 3 days after ICH onset (Fig. 1C).
There were significantly fewer intact microvessels in the ipsilateral
striatum surrounding the hematoma (276+ 13.6/mm?) than in the
contralateral striatum of the same animals (336.5+20.5/mm?;
p<0.05) or in the ipsilateral striatum of sham-operated rats
(»<0.05). Minocycline treatment significantly increased the
number of intact microvessels in the ipsilateral striatum (to
325.7+31.7/mm?*; p<0.05) compared with vehicle-treated ICH
rats. The number of intact vessels in the contralateral striatum of
minocycline-treated rats was 345.7+34.2/mm?. As an additional
indicator of BBB disruption, extravasation of the blood protein,
IgG, was monitored in the ipsilateral striatum 3 days after ICH
onset (Fig. 1E). In vehicle-treated animals, IgG staining was
widespread around the hematoma, with many small IgG-positive
cells (probably microglia) at the edge. Minocycline treatment
reduced both the diffuse and cellular IgG staining.

Effects of ICH and minocycline on cytokine and MMP
expression

Expression of several genes was monitored using quantitative
real-time RT-PCR (Fig. 2). Two pro-inflammatory cytokines
(TNFa, IL1p) and matrix metalloproteinases (MMP-3, MMP-9)
were selected because of their link to BBB damage in other
models of brain injury (Fujimura et al., 1999; Gasche et al., 1999;
Gurney et al., 2006), and MMP-12 was monitored because of its
reported up-regulation after ICH (Power et al., 2003). CR3
mRNA expression was used as an indicator of microglial
activation and macrophage infiltration. The time course was
chosen to begin after the hematoma had reached its maximal size
(6 h; Wasserman and Schlichter, 2007) and to extend to the time at
which edema was monitored (3 days). First, ICH-induced changes
in gene expression were compared between sham-operated and
vehicle-treated ICH rats. CR3 mRNA was unchanged at 6 h, and
then increased ~2-fold by 1 day (n.s.) and ~6-fold by 3 days
(p<0.001). IL1p showed the greatest mRNA increase at 6 h
(~30-fold; p<0.001) and then remained elevated ~ 10-fold at
1 day (p<0.001) and 3 days (»p<0.001). TNFa was rapidly up-
regulated in a sustained manner; ~5-fold at 6 h (»p<0.05) and
1 day (»p=0.005), and ~2.5-fold at 3 days (n.s.). MMP-3 and
MMP-9 did not change significantly at any of the times examined,
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Fig. 2. Effects of ICH and minocycline on cytokine and MMP expression. Gene
expression was measured by quantitative real-time RT-PCR in the ipsilateral
(injured) striatum at 6 h, 1 day and 3 days after ICH onset. Transcript expression
for each gene is shown as the fold increase relative to sham-operated (saline-
injected) time-matched control rats. ICH-induced changes in gene expression are
indicated as: *p<0.05, **p<0.01, ***p<0.005, ****p<0.001; n=4-5 for each
treatment group. Note the huge increases in expression of matrix metallopro-
teinase-12 (MMP-12) and interleukin-13 (IL1p). Minocycline-treated animals
received injections at 6 h (and at 1 and 2 days, if killed at 3 days). Minocycline
reduced the expression of TNFa at 1 day and MMP-12 at 3 days, compared with
vehicle-treated rats. /p<0.05; n=4-5 for each treatment group.

but MMP-9 showed an increasing trend (2 to 2.5-fold) at 1 and
3 days. In contrast, there was a massive increase in MMP-12
mRNA, which increased ~ 15-fold by 1 day (p<0.001) and
~175-fold by 3 days (p=0.001). Next, vehicle-treated ICH
animals were compared with those receiving minocycline
beginning at 6 h after [CH. Minocycline significantly decreased
the ICH-induced TNFa up-regulation at 1 day; from a 5.8+0.8-
fold up-regulation to 3.6+ 1-fold (p<0.05, n=5). Minocycline
decreased the MMP-12 mRNA at 3 days; froma 175+31-fold up-
regulation to 97+44-fold (p<0.05, n=5).

Cellular localization of TNFo. and MMP-12

TNFa can be produced by a variety of brain cells (neurons,
astrocytes, microglia, endothelial cells) and by infiltrating
peripheral leukocytes, including neutrophils (Botchkina et al.,
1997; Dziewulska and Mossakowski, 2003; Mayne et al.,
2001b; Sairanen et al., 2001a,b). We assessed the cellular
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location of TNFa protein by immunohistochemistry at 6 h, and 1
and 3 days after ICH onset (Fig. 3). In the contralateral striatum,
no TNFa protein was detected at any of these times (Fig. 3A). In
the ipsilateral striatum, very little TNFa protein was seen at 6 h,
but by 1 day it was abundant at the edge of the hematoma, and
also present in the adjacent intact striatum. By 3 days, TNFa
immunoreactivity had increased at the edge of the hematoma,
but was lower in the adjacent striatum. Labeling with TNFa and
a marker for neutrophils (MPO) showed that most of the TNFa-
positive cells were neutrophils at all times examined. Neutro-
phils (small, round, MPO-positive cells) were predominantly
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merged

*k

[ vehicle
I ninocycline

TNF MPO

found in a band at the edge of the hematoma, although some
were scattered throughout the surrounding striatum, particularly
at 1 day. A small number of TNFa-positive neutrophils were first
seen in blood vessels surrounding the hematoma at 6 h (not
shown). By 1 day (Fig. 3B), many TNFa-positive neutrophils
(note their small size) were observed inside the parenchyma, and
by 3 days (Fig. 3D) they were abundant at the edge of the
hematoma. In minocycline-treated animals, the number of
TNFa-positive neutrophils decreased at 1 day (Fig. 3C) and
3 days (Fig. 3E). Microglia/macrophages are much larger than
neutrophils, and essentially all of them appear to be activated by
3 days, as judged by their enlarged cell bodies and short,
retracted processes (Fig. 3F). Such morphological evidence of
microglia activation was seen as early as 6 h (not shown). While
TNFa was abundant on day 3, little if any co-localized with the
microglia/macrophage marker (Ibal); instead, the staining was
consistent with small round neutrophils scattered among the
microglia/macrophages. The densities of TNFa-positive cells
and neutrophils were quantified at the periphery of the
hematoma at 1 and 3 days, with and without minocycline
treatment (Fig. 3G). Minocycline significantly reduced the
number of TNFa-positive cells (compared with vehicle-treated
animals) at both 1 day (341+78 vs. 205+38 per mm?, p<0.05)
and 3 days (488+61 vs. 255+53 per mm?, p<0.005). The
degree of reduction by minocycline in numbers of TNFa-
positive cells closely correlated with the reduced numbers of
neutrophils; i.e., 517+59 vs. 330447 per mm® (p<0.005) at
1 day, and 949+ 130 vs. 585+ 122 per mm? (p<0.05) at 3 days.

Matrix metalloprotease-12 can degrade collagen type IV in the
basal lamina of cerebral blood vessels (Yong et al., 2001).
Because minocycline reduced expression of MMP-12 mRNA and
the loss of microvessels, it was important to determine the cellular
source of MMP-12 protein. In the undamaged contralateral
hemisphere, no MMP-12 staining was detected in either the
striatum (Figs. 4A, D, F) or cortex (not shown). In contrast, there
was considerable MMP-12 immunoreactivity throughout the
ipsilateral striatum surrounding the hematoma at 1 and 3 days
after ICH (Figs. 4B, C, E, G). MMP-12 staining co-localized with

Fig. 3. Neutrophils are the major TNFa expressing cells. Brain sections were
double labeled with an antibody against TNFa and markers for neutrophils
(myeloperoxidase, MPO) or microglia/macrophages (ionized calcium binding
adapter-1, Ibal). (A) Spatial and temporal profile of TNFa production. NB: No
TNFa protein was detected in the contralateral hemisphere (panel i) at any time
examined. In the ipsilateral striatum, a small number of TNFa-positive cells
were first observed inside the hematoma (H) and in the adjacent ‘intact’ striatum
(I) at 6 h (panel ii). By 1 day, more TNFa-positive cells were located inside the
hematoma and the surrounding striatum (panel iii) whereas by 3 days, TNFa-
positive cells were mainly located in a band at the periphery of the hematoma
(panel iv). Scale bars, 150 pm. (B—E) Co-localization of TNFoa with the
neutrophil marker, MPO, at 1 day (B, C) and 3 days (D, E) after ICH. The inset
in B is a higher magnification image of a neutrophil, showing punctate MPO and
diffuse TNFa staining. After minocycline treatment, fewer TNFa-positive
neutrophils were observed at 1 day (C) and 3 days (E) after ICH at the periphery
of the hematoma. Scale bars: 50 pm; inset, 10 pm. (F) Double labeling for TNFa
and macrophages/microglia at the edge of the hematoma 3 days after ICH onset.
Scale bars, 50 um. (G) Quantitative analysis shows a significant reduction in
numbers of MPO-positive and TNFa-positive cells at the periphery of the
hematoma after minocycline treatment (*p<0.05, **p<0.01, ***p<0.005).
n=4 for each treatment group.
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collagen type IV on blood vessels adjacent to the hematoma,
increased with time and was clearly associated with vessel
fragmentation. At the edge of the hematoma, MMP-12 was
detected in Ibal-positive activated microglia/macrophages at
1 day (Fig. 4E). At 3 days after ICH, despite the large number of
activated microglia/macrophages surrounding the hematoma

MMP-12 collagen IV

contralateral 1d —

ipsilateral 1d

ipsilateral 3d

ipsilateral 1d

MMP-12 MAP-2 merged

ipsilateral 3d —

(Wasserman and Schlichter, 2007), they expressed little MMP-12
(not shown), whereas MAP-2-positive neurons robustly
expressed MMP-12 (Fig. 4G). An intriguing observation was
that MMP-12 expressing neurons generally had reduced MAP-2
staining (see inset) but were not dead or dying, since they did not
stain with Fluoro-jade (not shown). Of note, in infarcted tissue
following ischemic stroke, a reduction or loss in MAP-2 staining
has been reported.

Discussion

This work presents several novel findings. The results show
for the first time that minocycline treatment, delayed to a
clinically relevant starting time, protects the blood—brain barrier
(BBB) after ICH. This protection was manifested by ameliora-
tion of three key processes; i.e., decreases in the number of
disrupted microvessels, serum protein extravasation into the
brain and cerebral edema. This is apparently the first report using
collagen type IV expression in order to show reduced numbers of
intact blood vessels outside the hematoma. We show additional
new aspects of minocycline treatment. Minocycline reduced
expression of two genes related to BBB damage and edema:
TNFa at day 1, and MMP-12 at day 3. Importantly, the TNFa
was mainly restricted to neutrophils, while MMP-12 protein was
expressed in damaged microvessels surrounding the hematoma.
The temporal and cellular expression of TNFa and MMP-12
support a model whereby TNFa from neutrophils leads to an
increase in MMP-12 in microvessels, which causes vessel
breakdown and edema.

Vasogenic edema is an increase in brain water content caused
by abnormal movement of water, ions and plasma proteins into
the brain (Klatzo, 1987). It occurs in two phases; the first
involves water and ion transport through endothelial cells and,
possibly, astrocytes and can occur even when the BBB remains
physically intact. This process might explain why, in the present
study, the brain water content increased on the contralateral side
without extravasation of IgG or disruption of the basal lamina. In
the second phase, the BBB becomes physically disrupted, after
which plasma proteins and water directly enter the brain, driven
by hydrostatic and osmotic pressures (Simard et al., 2007). The
physical integrity of the BBB is supported by the basal lamina,
which is comprised primarily of collagen type IV, laminin and
fibronectin. Although ischemic stroke and traumatic brain injury

Fig. 4. Co-localization of MMP-12 protein with microvessels and neurons. On
the days indicated in each panel, frozen brain sections were labeled with an
antibody against MMP-12, and a second marker: collagen type IV for
microvessels, Ibal for microglia/macrophages or MAP-2 for neurons. Scale
bars, 50 um. (A) Microvessels had normal morphology in the uninjured
contralateral striatum (collagen type IV staining) and lacked MMP-12. (B, C)
On the ipsilateral side, many microvessels at the periphery of the hematoma
were fragmented and most of these expressed MMP-12. (D) In the contralateral
striatum, Ibal-positive cells (microglia) were highly ramified and did not
express MMP-12. (E) In the ipsilateral striatum at the periphery of the
hematoma, Ibal-positive cells had short processes and large cell bodies, and
some expressed MMP-12. (F) In the contralateral striatum, MAP-2-positive
neurons did not express MMP-12. (G) In the ipsilateral striatum, at the periphery
of the hematoma, MMP-12 co-localized with MAP-2-positive neurons (inset
shows magnified image (scale bar, 15 um).
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are associated with loss of collagen type IV (Hamann et al.,
2002, 2004; Muellner et al., 2003), little was known about the
role of the basal lamina after ICH. We now provide evidence that
ICH causes loss of microvessel integrity in the parenchyma
surrounding the hematoma, suggesting that degradation of
collagen type IV contributes to the observed opening of the BBB
in the parenchyma surrounding the hematoma in humans (Lampl
et al., 2005). Because this degradation was temporally and
spatially associated with IgG extravasation and increased brain
water content (edema), breakdown of the basal lamina is
implicated in development of the vasogenic edema.

After ICH, abnormal fluid accumulation in the parenchyma
caused by vasogenic edema appears to be an important mediator
of secondary injury and clinical deterioration (Leira et al., 2004;
Xi et al., 2006). In humans, edema is associated with increased
intracranial pressure, cerebral hypertension and herniation. In
both rats and humans, edema begins within hours and peaks in
3—4 days after ICH onset, although because of the larger amount
of white matter, edema can peak as late as 10—20 days in the
human brain. Because the BBB remains impermeable to large
molecules for as much as 8—12 h after ICH onset (Xi et al.,
2006), edema may be amenable to treatment. Although
commonly used to treat cerebral edema, hyper-osmotic therapy
(mannitol or hypertonic saline) is associated with serious side
effects such as a rebound elevation in intracranial pressure, and it
does not prevent further BBB damage (Knapp, 2005). Most
importantly, our results suggest that minocycline protects the
BBB by preventing disruption of the basal lamina and reducing
movement of plasma proteins and water into the brain, even
when treatment was delayed by 6 h after ICH onset. These results
on minocycline have broader implications since edema is
associated with degradation of the basal lamina in other models
of brain injury, including ischemic stroke and trauma (Hamann
et al., 2002, 2004; Muellner et al., 2003). Although previous
studies of ICH did not demonstrate significant increases in
neuron survival when rats were treated with minocycline (Power
et al., 2003; Szymanska et al., 2006; Wasserman and Schlichter,
2007), the reduction we show in BBB damage and edema may
have greater clinical relevance than neuron survival.

We found that IL1p and TNFa mRNA were up-regulated
within hours of ICH onset, a time course that is consistent with
their putative role as ‘orchestrators’ of the inflammatory
response. Both cytokines have been implicated in BBB damage,
and they initiate events leading to neutrophil recruitment into the
brain (de Vries et al., 1996; Didier et al., 2003; Megyeri et al.,
1992; Wong et al., 2004; Wright and Merchant, 1994). Even in
the absence of a stroke, injecting either cytokine causes
neutrophil infiltration, BBB disruption and vasogenic edema
(Holmin and Mathiesen, 2000). Moreover, high plasma levels of
TNFa within 24 h of hematoma onset are associated with
increased perihematoma edema in humans (Castillo et al., 2002).
Although minocycline reduced expression of IL13 and TNF«
after ischemic stroke (Lai and Todd, 2006; Ledeboer et al., 2005),
it may not be as effective after ICH; it reduced TNFa but not IL13
in the present study. It remains possible that minocycline can alter
IL1PR activity since it reduces expression of interleukin-1
converting enzyme (Yrjanheikki et al., 1998). The reported

cellular sources of TNFa include microglia/macrophages,
neutrophils, astrocytes, endothelial cells or neurons in different
models of brain injury. TNFa protein was detected in neutrophils
and microglia/macrophages after ICH (Mayne et al., 2001b),
whereas we observed it mainly in neutrophils and very rarely in
microglia/macrophages from 1 to 3 days after ICH. After
permanent ischemia, TNFa mRNA was observed mainly in
activated microglia/macrophages, with none in neutrophils
(Gregersen et al., 2000). Such differences might reflect temporal
changes or detection difficulties. Because neutrophils contain pre-
made TNF« in intracellular stores, detecting its immunoreactivity
should be relatively easy. However, if other cell types
simultaneously produce and secrete TNFa, the cellular concen-
tration might simply be below the detection level of the antibody.

Targeting neutrophils to protect the BBB seems a reasonable
strategy, based on their large numbers, high TNFa production
and the effect of minocycline on neutrophil infiltration and BBB
disruption. Minocycline inhibits neutrophil chemotaxis (Sugita
and Nishimura, 1995), and decreasing the neutrophil burden is a
unifying mechanism with other therapeutic strategies that reduce
edema following experimental ICH, including hypothermia
(MacLellan et al., 2006), depleting systemic complement (Xi et
al., 2001) and inhibiting IL1p signaling (Masada et al., 2001).
Importantly, delayed treatments can reduce neutrophil infiltra-
tion and BBB disruption: 6 h for minocycline (present study) and
1—4 h for hypothermia (MacLellan et al., 2006). Since TNFa is a
potent neutrophil activator, and reduced by minocycline, this
treatment is expected to reduce other neutrophil products that
can damage the BBB, including oxygen metabolites and
proteases (Scholz et al., 2007).

Matrix metalloproteinases (MMPs) have been widely impli-
cated as mediators of BBB damage; e.g., in ischemic and
hemorrhagic stroke, traumatic brain and spinal cord injury, and
multiple sclerosis (Yong et al., 2001). After experimental ICH,
broad spectrum MMP inhibitors reduced brain injury, BBB
disruption and edema (Rosenberg and Navratil, 1997; Wang and
Tsirka, 2005), but ischemic and hemorrhagic stroke may differ in
the cellular expression profile of specific MMP types. After
ischemic stroke, the levels and activities of MMP-2 and MMP-9
correlated with loss of microvessel integrity, which was
abrogated by treatments that decreased MMPs; i.e., broad-
spectrum MMP inhibitors, hypothermia or minocycline
(Hamann et al., 2004; Machado et al., 2006; Sumii and Lo,
2002). Following ICH in humans, an increase in plasma MMP-9
correlates with perihematoma edema and early neurological
deterioration (Abilleira et al., 2003). However, MMP-2 and
MMP-9 may not be appropriate therapeutic targets because they
are normally expressed by various brain cell types and likely
play a role in normal brain physiology.

MMP-12 is not expressed in the healthy brain; thus, inhibiting
it should have fewer side effects than a broad-spectrum MMP
inhibitor (Zhao et al., 2006). MMP-12 expression has not been
assessed after ICH in humans, but in animal models, it appears to
be a strong marker of brain injury. Two earlier studies show that it
is the most highly up-regulated MMP of those examined after
ICH, that MMP-12 reduction by minocycline correlates with
improved functional recovery (Power et al., 2003), and that
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MMP-12 deficient mice have better sensorimotor recovery (Wells
et al., 2005). The time course of MMP-12 expression differs in
these studies. Wells et al. (2005) showed increased expression at
1 day and a peak at 5 days (other days were not examined),
whereas Power et al. (2003) observed MMP-12 up-regulation
only at 7 days and saw a reduction by minocycline. We found that
MMP-12 increased significantly at 1 day, and that the much larger
increase at 3 days was reduced by minocycline. The discrepancy
in timing between the present study and Power et al. (2003) very
likely reflect the different locations of tissue sampled for real-time
RT-PCR. Because inflammation occurs immediately adjacent to
the hematoma, we sampled the hematoma and surrounding
striatum. Power et al. (2003) sampled a more remote location, 2—
4 mm from the edge of the hematoma, and thus underestimated
early inflammatory events. Nevertheless, from these studies using
the same model of ICH, it appears that MMP-12 is the most highly
up-regulated MMP, and that its expression rises first close to the
hematoma (day 1), and then later in more distal tissue (day 7). A
similar spatial difference is likely to exist for IL13 expression,
because we observed a ~30-fold mRNA increase in proximal
tissue (this study) compared with the previously reported <2-fold
increase in distal tissue (Power et al., 2003). Finally, our
observation that minocycline reduced TNF« at 1 day (before it
reduced MMP-12), may explain why Power et al. (2003)
observed some neurological improvement in minocycline-treated
rats at day 1, even though the differences were not statistically
significant until day 7.

MMP-12 can be produced by a variety of brain cells
(Hummel et al., 2001; Power et al., 2003; Vos et al., 2003;
Wells et al., 2003) and might be a critical target for reducing
BBB damage after ICH since it can degrade collagen type IV
(Yong et al., 2001). However, it was not known whether the
cellular source changes with time after ICH. We detected MMP-
12 in microvessels surrounding the hematoma at 1 and 3 days,
and we found that MMP-12 containing microvessels became
fragmented at the time when edema in this region reached a peak.
Thus, we show for the first time that MMP-12 is in the right place
at the right time to degrade the basal lamina, and contribute to the
development of edema after ICH. In addition, we detected
MMP-12 in microglia/macrophages at day 1 and show for the
first time that it is robustly expressed in neurons. A previous
study (Power et al., 2003) showed MMP-12 in microglia/
macrophages at a later time (7 days). It remains to be elucidated
whether these different cellular sources of MMP-12 contribute
differently to brain injury.

Our results suggest a sequential mechanism after [(CH, whereby
TNFa leads to an increase in MMP-12, which further degrades the
basal lamina surrounding the hematoma and disrupts the BBB.
That is, we observed TNFa protein in neutrophils and MMP-12
protein in damaged microvessels surrounding the hematoma and
found that minocycline first decreased TNFa expression and then
decreased MMP-12 expression. This is consistent with promotion
of MMP transcription by inflammatory cytokines, including
TNFa (Borden and Heller, 1997), but does not preclude
involvement of other cell types and molecules. Minocycline
likely protects the BBB by inhibiting the cumulative effect of
TNFa production by a variety of cell types (Mayne et al., 2001b)

and preventing loss of collagen type IV, but it also reduces
activation of microglia, production of reactive oxygen species
(Yenari et al., 2006), and decreases the number of infiltrating
neutrophils (Wasserman and Schlichter, 2007). We found that
minocycline did not fully restore the normal brain water content
after ICH; thus, targeting several mechanisms, including direct
inhibition of neutrophils and MMP-12, may prove more clinically
effective.
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