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Intracerebral Hemorrhage Induces
Macrophage Activation and Matrix
Metalloproteinases

Christopher Power, MD,' Scot Henry, BSc,' Marc R. Del Bigio, MD, PhD,” Peter H. Larsen, MSc,"
Dale Corbett, PhD,? Yumi Imai, MD,* Voon Wee Yong, PhD,"” and James Peeling, PhD,°

Intracerebral hemorrhage (ICH) is characterized by parenchymal hematoma formation with surrounding inflammation.
Matrix metalloproteinases (MMPs) have been implicated in the pathogenesis of neurological diseases defined by inflam-
mation and cell death. To investigate the expression profile and pathogenic aspects of MMPs in ICH, we examined MMP
expression in vivo using a collagenase-induced rat model of ICH. ICH increased brain MMP-2, -3, -7, and -9 mRNA
levels relative to sham-injected (control) animals in the vicinity of the hematoma, but MMP-12 (macrophage metalloela-
stase) was the most highly induced MMP (>80-fold). Immunohistochemistry showed MMP-12 to be localized in acti-
vated monocytoid cells surrounding the hematoma. In vitro studies showed that thrombin, released during ICH, induced
MMP-12 expression in monocytoid cells, which was reduced by minocycline application. Similarly, in vivo minocycline
treatment significantly reduced MMP-12 levels in brain. Neuropathological studies disclosed marked glial activation and
apoptosis after ICH that was reduced by minocycline treatment. Neurobehavioral outcomes also were improved with
minocycline treatment compared with untreated ICH controls. Thus, select MMPs exhibit increased expression after
ICH, whereas minocycline is neuroprotective after ICH by suppressing monocytoid cell activation and downregulating

MMP-12 expression.

Ann Neurol 2003;53:731-742

Intracerebral hemorrhage (ICH) represents 15 to 20%
of all strokes as a primary event' and occurs with in-
creasing frequency as a complication of thrombolytic
treatment of ischemic stroke.” ICH is characterized
by the induction of parenchymal inflammation within
hours of ICH occurrence, initiated by adherence of
leucocytes to damaged brain endothelia and subse-
quent brain entry.” The inflammatory molecules and
their pathogenic effects on cell survival within the
brain after ICH remain largely unknown, although
we previously have shown that tumor necrosis factor
(TNF)—a is upregulated in the brain after experimen-
tal ICH.*> Other studies indicate that adhesion mol-
ecules® and glutamate levels” in brain are upregulated
after ICH. Matrix metalloproteinases (MMPs) are a
family of zinc-containing proteases that are involved
in remodeling of the extracellular matrix, chemotaxis,
and proteolytic cleavage of precursor molecules in-
volved in cellular signaling.® MMPs have been impli-

cated in several neurological diseases in which inflam-
mation occurs, including multple sclerosis, ischemic
stroke, human immunodeficiency virus—associated de-
mentia, and Alzheimer’s disease (reviewed in Yong
and colleagues’). Proinflammatory molecules includ-
ing TNF-a and interleukin (IL)-1B regulate MMP
expression, in part through NFkB transcriptional ac-
tivity.10 The most widely recognized pathogenic
MMP effect is the disruption of cell-extracellular ma-
trix contacts by MMPs, leading to apoptosis as a re-
sult of cell detachment and loss of integrin signal-
ing.“’12 Moreover, an interaction between MMPs
and other molecules that regulate apoptosis also af-
fects cell survival; an example is the MMP-7-medi-
ated cleavage of Fas ligamd.13

MMPs have been implicated in the pathogenesis of
ischemic stroke in animal models and autopsy studies
(reviewed in Mun-Bryce and Rosenberg'®).">™"? Stud-
ies of MMPS in ICH have focused on gelatin zymog-
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raphy measurements of MMP-2 and 9,202 Rosenberg
and colleagues20 and Lapchak and (:olleagues21 re-
ported that the intracerebral injection of a collagenase
leads to ICH, edema, and necrosis, together with
blood-brain barrier disruption. These effects are re-
duced by treatment with an endogenous inhibitor of
MMPs, tssue inhibitor of  metalloproteinase
(TIMP)-2. Subsequently, the synthetic inhibitors of
metalloproteinase activity, BB-1101 and BB-94, were
shown to reduce edema and hemorrhage after bacterial
collagenase or tissue plasminogen activator—induced
ICH, respectively.zo’21

The mechanisms remain incompletely understood by
which MMPs and other proteases are pathogenic in
neurological disease. Whether MMPs directly influence
neuronal survival in ICH, or the mechanisms by which
the MMP expression is regulated in ICH, remain un-
clear. Moreover, the temporal expression profiles of
MMPs and TIMPs have not been described in ICH.
Finally, whether inhibitors of MMP activity prevent
neuronal and glial loss caused by ICH injury remains
unknown. Herein, we investigate the profile of MMP
expression after ICH and identify MMP-12 as a key
molecule involved in mediating the outcome of ICH.
We also report that a tetracycline derivative, minocy-
cline, inhibits MMP-12 expression and provides neu-
roprotection from ICH injury.

Materials and Methods

Intracerebral Hemorrhage Model

Male Sprague-Dawley rats weighing 240 to 280gm were
handled and cared for in accordance to the guidelines of the
Canadian Council on Animal Care. Rats were anesthetized
with pentobarbital (50mg/kg IP) and placed in a stereotaxic
frame (David Kopf Instruments, Tujunga, CA). A 30-gauge
needle was inserted through a burr hole into the striatum
(location 3.5mm lateral to the midline, 0.2mm anterior to
bregma, 6mm in depth below the skull). ICH was induced
by administration of 0.5ul saline containing 0.05U of colla-
genase (type IV; Sigma, St. Louis, MO) over 5 minutes
whereas sham-injected animals received 0.5ul of saline over
the same duration.

Minocycline Treatment

Minocycline (Sigma) was given intraperitoneally at a dose of
45mg/kg 1 and 12 hours after ICH, followed by 22.5mg/kg
twice daily until 1 week after ICH, and 22.5 mg/kg IP once
daily for another week. These doses approximate those that
have been used in experimental models of stroke®* or mul-
tiple sclerosis.”> Control rats received intraperitoneal injec-
tions of equivalent volumes of saline.

Cell Lines and Culture

U937 human monocytoid cells (ATCC, Rockville, MD) ini-
tially were cultured in RPMI-1640 containing 10% fetal calf
serum, 100pg/ml streptomycin, and 0.25wg/ml amphoteri-
cin. Culture media was replaced with AIM V serum-free me-
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dium (GIBCO, Burlington, Ontario, Canada) for all exper-
imental procedures because fetal calf serum contains various
MMPs that would interfere with MMP zymographic analy-
ses. To assess the effect of monocyte stimulation on IL-1B
and MMP-12 expression, we treated cells with 50ng/ml of
phorbol-12- myristate-13-acetate (PMA; Sigma; used as a
positive control) for 18 hours or with 5IU of thrombin
(Sigma) for 6 hours before harvest of supernatants and RNA
isolation. Minocycline (Sigma) was applied to cultures at the
time of stimulation and throughout the experiment at several
concentrations.

Real-time Polymerase Chain Reaction

Groups of treated and control rats (n = 4 per group) were
killed by cardiac perfusion with normal saline under pento-
barbital anesthesia at 24 hours, 4, 7, 14, or 28 days after the
induction of ICH, and brains were collected and analyzed
for mRNA and protein levels. Brain tissue 2 to 4mm from
the edge of the hematoma was dissected, homogenized, and
then lysed in TRIzol (Life Technologies, Gaithersburg, MD)
according to the manufacturer’s guidelines. Total RNA was
isolated and dissolved in diethylpyrocarbonate-treated water,
Iwg RNA was used for the synthesis of complementary
DNA, and polymerase chain reactions were performed as de-
scribed previously. Primer sequences are displayed in the Ta-
ble 1 Semiquantitative analysis was performed by monitoring
in real time the increase of fluorescence of the SYBR-green
dye on a Bio-Rad i-Cycler (Richmond, CA). Real-time flu-
orescence measurements were performed and a threshold cy-
cle (C,) value for each gene of interest was calculated by
determining the point at which the fluorescence exceeded a
threshold limit (12-fold increase above the standard devia-
tion of the initial baseline). To confirm single-band produc-
tion, we performed melt-curve analysis and subsequently
confirmed it by electrophoresis and ethidium bromide stain-
ing. All data were normalized against GAPDH mRNA level
and expressed relative to sham-injected controls.

Zymography

MMP levels in conditioned media were measured by zymog-
raphy as previously detailed,?* except that casein (Bio-Rad
12% Zymogram Ready Gel with Casein) was used as a sub-
strate for MMP-12. Sample volumes were normalized for the
number of cells present in each culture at the time of harvest
and concentrated 100-fold using Ultrafree-10 filters (Milli-
pore, Bedford, MA) to facilitate detection of both the proen-
zyme and activated forms of MMP proteins. Gels were
stained with 2.5mg/ml Brilliant Blue (Sigma) and destained
in 40% methanol, 10% acetic acid. Stained gels were dried
and MMP levels were determined by densitometry when in
the linear range.

Western Blot

U937 cells (ATCC) cultured in Opti-MEM (Gibco) treated
with PMA (50ng/ml) and/or minocycline (10uM) for 8
hours were homogenized in denaturation buffer (200mM
Tris, pH 8.0, 4% SDS, 0.1% bromophenol blue, 40% glyc-
erol, 5% B-mercaptoethanol). We used Bio-Rad Dc Protein
Assay to quantify protein content, according to the manu-
facturer’s instructions. Protein samples (20pg/lane) were sep-



Table. Primer Sequences Used in Polymerase Chain Reaction Amplification Including Size of the Amplicon
and Optimal Annealing Temperature

Length Annealing
Gene Sequence (bp) Temperature (°C)
GAPDH GCA TGG CCT TCC GTG TTC CTA CCC 110 58
GAPDHC GGC CGC CTG CTT CAC CAC CTT CT
MMP-2 TTG GTT TTG GCT GGC TTC TTC ACT 115 52
MMP-2 C CGC ATT CTC GGT CAC AGG AT
MMP-3 GAC CCC ACT CAC ATT CTC CA 109 52
MMP-3 C GAC CAT TCC AGG CCC ATC AAA AG
MMP-7 TGG CCT CAC TTT CAT TTT TGG TA 116 51
MMP-7 C GGG CTG CAT TGG TCC TTA GTA
MMP-9 TGT GGG GAG GGG TTT GGG GAG GAT A 195 80
MMP-9 C TGA AAG GGA GGG AGG GGG ATG AAG C
MMP-12 GGC GAG GCT GAC ATT ACG ATA CTT 112 53
MMP-12 C GAA TAC CGG GCC CAG GAT AAA AA
TIMP-1 CCT GGT TCC CTG GCA TAA TC 101 54
TIMP-1 C TGG CTG AAC AGG GAA ACA CT
TIMP-2 AGG GCC AAA GCA GTG AGC GAG AAG G 150 56
TIMP-2 C TGA GGA GGG GGC CGT GTA GAT AAA T
TIMP-3 ATC CGG CAG AAG GGT GGC TAC T 120 58
TIMP-3 C GGG ATG GGA AGG AGG TGA GG
TACE AAG ACC CCA GCA CAG ATT CAC A 200 58
TACE C AGG CCC AGG CTC CCA CTA ACA C
IL-1B GCA CCT TCT TTT CCT TCA TC 448 55
IL-1B C CTG ATG TAC CAG TTG GGG

arated in a 15% SDS-PAGE gel under reducing conditions
and subsequently transferred to nitrocellulose membrane and
probed with polyclonal anti-MMP-12 antibody (Chemicon,
Temecula, CA; rabbit anti-MMP-12 N terminus [5ug/ml]).
After incubation with horseradish peroxidase—conjugated sec-
ondary antibodies, antigens were visualized using BM Chemi-
luminesence Blotting Substrate (Bochringher-Mannheim, Mis-
sissauga, Ontario, Canada) according to the manufacturer’s
instructions.

Immunocytochemistry

Gliosis was assessed in serial sections (10pm) that were pre-
pared as described previously”> by immunostaining with
antibodies to glial fibrillary acidic protein (GFAP; DAKO
Diagnostics, Mississauga, ON) or the macrophage/micro—
glial marker, Iba-1,’° followed by two-step peroxidase
anti-peroxidase staining. Double labeling was performed
as previously reported,”” with antibodies to GFAP (j.g/ml)
or Iba-1 (1pg/ml) and human MMP-12 (R & D Labora-
tories, Minneapolis, MN), using AP and DAB (Vector Lab-
oratories, Burlingame, CA) with subsequent analysis of
slides on a Zeiss Axioskop 2 upright microscope (Thorn-
wood, NY).

Assessment of Acute Inflammation and Cell Death

At 1, 2, and 7 days after ICH, groups of four minocycline-
treated and untreated rats were killed by cardiac perfusion
with 4% paraformaldehyde under pentobarbital anesthesia,
and the brains were removed. Brain sections (6pm) were
stained with hematoxylin and eosin to assess neutrophils,
racinus communis agglutinins (RCA)-1 lectin to label micro-
glia and macrophages, and in situ DNA nick end labeling

(TUNEL) to detect cells with damaged DNA (dying cells). >
Using an ocular reticle and X250 ocular magnification eo-
sinophilic dying neurons, we counted TUNEL-positive dying
cells, neutrophils, and RCA-1 binding cells in four fields
(each area, 0.0625mm?) immediately adjacent to the needle
injection/damage site, which was defined by the presence of
erythrocytes or necrosis. Areas with large blood vessels were
avoided. The observer was blinded to the identity of the an-
imal.

Magnetic Resonance Imaging

One day after ICH, magnetic resonance imaging (MRI) us-
ing a Bruker Biospec MSL-X 7/21 spectrometer was used to
determine hematoma uniformity and to evaluate cerebral
blood flow in the intact tissue around the hematoma for 10
minocycline-treated and 10 control rats. Coronal T,-
weighted images were acquired with a standard spin-echo se-
quence, executed using a 3.5 X 3.5cm’ field of view, 1.0mm
thick slice centered through the hematoma, 256 X 256 ac-
quisition matrix, TR 1,650 milliseconds, TE 80 millisec-
onds, and 4 averages. Areas of the hematoma and of the
cerebral hemispheres were measured directly from these im-
ages. Quantitative perfusion maps were obtained in the same
location as the T, weighted images, using arterial spin tag-
ging as preparation for TurboFLASH readout images. Label-
ing was performed with a radiofrequency (RF) field of
100mG and a 2G/cm gradient, with the RF offset
(18,000Hz) chosen so that the labeling plane was located
perpendicular to the long axis of the brain 5mm from the
posterior edge of the cerebellum. The labeling time was 2.5
seconds, and a posttagging delay of 400 milliseconds was
used to minimize vascular artifacts and the sensitivity to vari-
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able transit time. A four-step protocol was used to control
for the magnetization transfer effect. Perfusion images were
calculated as described before, using N (brain—blood partition
coefficient) = 0.9, o (spin-tagging efficiency) = 0.75, and
T, = 1.7 seconds. The hematoma was mapped on the T),-
weighted image for each rat, along with regions of interest
(ROIs) adjacent to and slightly removed from the hema-
toma. Control ROIs were defined for identical locations in
the contralateral hemisphere. These ROIs then were super-
imposed on the corresponding perfusion image, and the ce-
rebral blood flow in each ROI around the hematoma was
determined relative to that in the corresponding ROI on the
contralateral side. Perfusion MRIs also were obtained from
rats without ICH but treated with minocycline or vehicle as
described above.

Neurobehavioral Evaluation

The rats examined by MRI were weighed daily. Neurobehav-
ioral deficits were evaluated by an observer blinded to the
treatment identity at 1, 2, 7, 14, 21, and 28 days after ICH
induction. The tests used were as previously described.* In
brief, they included (1) spontaneous ipsilateral circling be-
havior, graded from 0 for no circling to 4 for continuous; (2)
contralateral forelimb flexion, graded from 0 for uniform ex-
tension of both forelimbs to 2 for full wrist flexion and
shoulder adduction; and (3) ability to walk a 70cm long X
2.4cm wide wood beam, graded from 0 for normal move-
ment along the beam to 4 for no movement or for a rat that
fell off the beam. The behavioral score was reported as a
cumulative score of the three tests with a maximum total
score of 10.

Effect of Minocycline on Temperature after
Intracerebral Hemorrhage

To determine whether minocycline has a direct effect on
body temperature in ICH, we implanted temperature probes
(XMFH probes; MiniMiter, Bend, OR) under halothane an-
esthesia into the peritoneal cavity of 11 rats. Beginning 2 to
5 days later, ICH was induced in each rat and treatment was
initiated as described above (minocycline, n=6; control,
n=5). Core temperature was sampled automatically every 30
seconds and averaged into 10-minute blocks for 48 to 54
hours after ICH induction.?®

Statistical Analysis

Statistical analyses were performed using Instat, version 3.0
(Graphpad Software) for both parametric and nonparametric
comparisons. p values of less than 0.05 were considered sig-
nificant. Data were analyzed to ensure normal distribution
and intergroup comparisons were made by analysis of vari-
ance followed by Bonferroni or Dunn post hoc tests.

Results

In Vivo Matrix Metalloproteinase Profile after
Intracerebral Hemorrhage

Farlier studies®®*"*° showed that MMP-2 and -9 are
increased after ICH, although the temporal profile of
expression of MMPs was not examined. To define the
expression of MMPs over time after ICH induction,
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we prepared striatal tissue adjacent to the site of the
ICH for real-time reverse transcription polymerase
chain reaction analysis from sham-injected (control)
animals and ICH animals at 1, 4, 7, 14, and 28 days
after ICH induction. Analysis of the mean relative fold
increase (RFI * standard error of the mean) in mRNA
abundance showed that MMP-2 expression was signif-
icantly increased at day 7 (3.6 % 0.37 RFI) after in-
duction of ICH (Fig 1A), whereas MMP-3 levels were
increased (3.4 * 0.69 RFI) at 24 hours after ICH (see
Fig 1B). Similarly, MMP-7 was also significantly in-
creased above baseline at 24 hours (12.6 = 0.89 RFI)
and at day 7 (4.6 £ 0.77 RFI) after ICH (see Fig 1C).
MMP-9 displayed significantly elevated mRNA levels
relative to controls at 24 hours (3.9 = 0.42 RFI) and
7 days (4.3 £ 0.77 RFI; see Fig 1D). However, the
most highly induced MMP in this study was MMP-12,
which was markedly enhanced at day 7 (86.8 = 11.24
RFI) after ICH, although not at other time points (see
Fig 1E).

Examination of tissue inhibitors of metalloprotein-
ases (TIMPs) showed that TIMP-1 was increased at 7
days relative to controls, whereas TIMP-2 was reduced
at 24 hours and 7 days after ICH (see Fig 1F, G, re-
spectively). Similarly, TIMP-3 also exhibited signifi-
cantly reduced levels relative to control animals at day
7 (see Fig 1H). These findings suggested that several
MMPs, including MMP-2, -7, and particularly MMP-
12, exhibited marked increases in abundance after
ICH.

Cells of monocytoid lineage express MMP-12,%° al-
though its detection also has been reported in cerebral
endothelial cells under inflammatory conditions®' as
well as in brain tumors.>* To determine which cells
expressed MMP-12 after ICH, we performed immuno-
histochemical studies using sections from animals with
ICH. These showed that MMP-12 expression was de-
tectable near the ICH lesion (Fig 2). The MMP-12—
immunopositive cells were round, amoeboid-appearing
cells, resembling activated macrophages, and were
chiefly localized in the parenchymal margin immedi-
ately around the site of hemorrhage (see Fig 2A).
Double-label immunostaining with antibodies to Iba-1
or GFAP showed colocalization of MMP-12 with
Iba-1 but not GFAP (see Fig 2B). Thus, the principal
source of MMP-12 after ICH was activated macro-
phages and microglia.

In Vitro Effects of Minocycline

Because minocycline has been shown to influence the
extent of inflammation including MMP expression,23
we analyzed the expression in monocytoid cells of
MMP-12 and IL-1B, which is known to stimulate
MMP-12 production.”® U937 cells were stimulated
with PMA at several concentrations, which showed
that treatment with 50ng/ml of PMA was the most
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Fig 1. Matrix metalloproteinase (MMP) RNA levels after in-
tracerebral hemorrbage (ICH), expressed as relative fold in-
creases (REIs). (A) MMP-2 levels were selectively increased ar
7 days after ICH compared with sham-implanted (control)
animals. (B) MMP-3 levels were increased at 24 hours after
ICH bur reduced at subsequent time points. (C) MMP-7 lev-
els were increased initially after ICH ar 24 hours and also at
7 days. (D) MMP-9 levels were increased at 24 hours and 7
days after ICH relative to sham-inoculated animals. (E)
MMP-12 levels were selectively increased at day 7 after ICH,
exhibiting the greatest relative fold increase of all the studied
MMPs after ICH. (F) TIMP-1 mRNA levels were increased
at day 7 after ICH. (G) TIMP-2 levels were selectively re-
duced at days 1 and 7 after ICH compared with sham. (H)
TIMP-3 levels were reduced relative to sham-inoculated ani-
mals at days 1 and 7 after ICH (single asterisks, p < 0.05;
double asterisks, p < 0.01; triple asterisks, p < 0.001).
SEM = standard error of the mean.

A

Fig 2. Immunodetection of MMP-12 after intracerebral hem-
orrhage (ICH). (A) MMP-12 (brown immunoreactivity; ar-
rowheads) was detected in perilesional monocytoid cells (inset)
with peak expression at day 7 after ICH. (B) To confirm that
MMP-12 was being produced by cells of monocyte lineage, we
conducted double labeling with antibodies to Iba-1 (blue) and
MMP-12 (brown) that showed that 1ba-1—immunopositive
macrophages also expressed MMP-12 (H-hematoma) (original
magnification X200).

potent stimulus of IL-13 (Fig 3A) and MMP-12 (see
Fig 3B). U937 cells were treated with minocycline at
two concentrations and at the time of PMA stimula-
tion. These experiments showed that IL-18 mRNA ex-
pression was significantly reduced with the treatment
of minocycline (see Fig 3A). MMP-12 mRNA levels
also were reduced, although this was not statistically
significant (see Fig 3B).

Because thrombin is released into the brain during
ICH, we treated U937 cells with thrombin, which
showed that thrombin (5IU) potently induced
MMP-12 mRNA expression (see Fig 3C), although
IL-1B was unaffected by thrombin (data not shown).
Induction of MMP-12 by thrombin also was signifi-
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cantly reduced by concurrent minocycline treatment,
indicating that minocycline regulated the in vitro ex-
pression of MMP-12. Subsequent Western blotting
showed that MMP-12 protein levels were markedly
reduced in cultures treated with minocycline (see Fig
3D) after thrombin activation; this was evident for all
three forms of MMP-12 (proform of 54kDa, inter-
mediate form of 45kDa, and active form of 22kDa).
To confirm these Western blot results, we performed
zymography on concentrated supernatants from
treated U937 cells, which showed that active
MMP-12 protein expression was reduced by minocy-
cline (see Fig 3E). These in vitro findings suggested
that MMP-12 was induced in monocytoid cells and
the induction was reduced by minocyline treatment.
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Neuropathological Studies of Minocyline Effects on
Intracerebral Hemorrhage

Since MMP-12 was markedly enhanced after ICH and
minocycline appeared to be a potent regulator of
MMP-12 expression, animals in which ICH was in-
duced were also treated with minocycline. We exam-
ined the effects of minocycline on glial activation by
immunostaining of microglia/macrophages and astro-
cytes. These studies disclosed that Iba-1-immunoposi-
tive cells occasionally were identified in sham-injected
(control) animals (Fig 4). However, markedly increased
expression of Iba-1 was apparent on infiltrating macro-
phages and parenchymal microglia in ICH animals at
days 4 (see Fig 4B) and 7 (see Fig 4C) after ICH,
complemented by increased GFAP immunoreactivity
on astrocytes in the vicinity of the hematoma (H). For
both glial-directed antibodies, cell body hypertrophy
accompanied the increase in protein detection in ICH-
untreated animals. By day 28, microglial immunoreac-
tivity was limited to the immediate margin of the he-
matoma (data not shown). Minocycline treatment
reduced Iba-1 immunostaining on both microglia and
macrophages at days 3 (see Fig 4D) and 7 (see Fig 4E),
suggesting that minocycline reduced glial activation af-
ter ICH.

Early events occurring after acute neurovascular in-
juries can affect long-term outcome," and thus we ex-
amined the early neuropathological features in
minocycline-treated and untreated animals by quanti-
fying neutrophil infiltration, TUNEL detection of cell
death, and the presence of activated macrophages and

Fig 3. In vitro detection of interleukin (IL)-1B and
MMP-12 mRNA and protein. (A) PMA (50ng/ml) was
Jfound to optimally stimulate IL-1B in U937 monocytoid cells.
In addition, minocycline was found to inhibit IL-1B expres-
sion maximally in vitro ar 10uM. (B) Similarly, PMA (P)
was found to induce MMP-12 expression in monocytoid cells
with a trend towards a reduction (nonsignificant) after mino-
cycline (M) treatment (1uM). (C) Thrombin (T, at 5IU)
was found to be a potent inducer of MMP-12 expression in
monocytoid cells, and this induction was inhibited by concur-
rent treatment by minocycline (1uM). (D) MMP-12 protein
production (proform of 54kDa, intermediate form of 45kDa,
and active form of 22kDa) was increased with PMA stimula-
tion and subsequently inhibited with minocycline treatment
(1uM) as shown by Western blotting. The relative density for
pro—MMP-12 is shown in the right-hand panel, whereas ac-
tive MMP-12 was detectable only with the PMA stimulation
alone. (E) Like immunoblotting, casein zymography also
showed increased MMP-12 activity with PMA treatment,
which subsequently was reduced with minocycline. The corre-
sponding relative density unit (RDU) plots are shown for
Western blot and zymographic detection of MMP-12 abun-
dance and activity, respectively, in the right-hand panel (sin-
gle asterisks, p < 0.05; double asterisks, p < 0.01; triple
asterisks, p < 0.001). RFI = relative fold increase.



TUNEL

RCA1

Fig 4. Immunopathological changes after intracerebral hemorrhage (ICH). (A) Microglia were detectable in sham-injected animals.
At 3 (B) and 7 (C) days after ICH, microglia/macrophage immunoreactivity for 1ba-1 was markedly increased in the vicinity of
the hematoma (H); hypertrophied microglial cells (arrows) and ameboid macrophages (arrowheads) were evident. Minocycline
treatment reduced macrophage infiltration and microglia hypertrophy after ICH at 3 (D) and 7 (E) days. (F) Neuropathological
changes after ICH and the effects of minocycline. Neutrophil infiltration after ICH (Ctrl) was not influenced by coincident minocy-
cline treatment (Mino). In contrast, TUNEL detection of cell death was reduced at day 1 with a trend toward reduction at day 2
after ICH with minocycline treatment. Similarly, macrophage infiltration as indicated by RCA detection was selectively reduced ar
days 2 and 7 after ICH (asterisk, p < 0.05; original magnification, X200).

microglia in the immediate vicinity of the hematoma
(see Fig 4F). Treatment with minocycline did not af-
fect neutrophil levels but the number of TUNEL-
positive cells at day 1 after ICH was reduced by mi-
nocycline (see Fig 4F). Furthermore, RCA detection
for macrophage/microglia showed significantly reduced
numbers in minocycline-treated animals at days 2 and
7. From these studies, we concluded that minocycline
reduced cell death and the activation of microglia

and/or macrophages around the area of injury after
ICH.

In Vivo Effects of Minocycline on mRNA Levels

To investigate the in vivo effects of minocycline on
MMP mRNA levels, we compared mRNA levels after
ICH with and without concurrent minocycline treat-

ment. These studies showed that minocycline did not
have any effects on MMP-2 (Fig 5A), MMP-7 (see Fig
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5B), or MMP-9 (see Fig 5C) mRNA levels. Similarly,
minocycline had no effect on TIMP-1, -2, and -3
mRNA abundance (data not shown). However,
MMP-12 expression was significantly reduced at day 7
after ICH induction (see Fig 5D), the time point at
which it was most highly activated. This finding was
complemented by similar findings, suggesting that
IL-1B expression also was reduced by minocycline
treatment at all time points (see Fig 5E), although this
achieved statistical significance only at days 14 and 28
after ICH. These mRNA-related observations were
supported by the lack of MMP-12 protein detection by
immunocytochemistry at day 7 in minocycline-treated
animals (data not shown). Collectively, the above find-
ings suggested that minocycline may act by regulating
MMP-12 expression in vivo, similar to the in vitro ob-
servations.

Effect of Minocycline on Magnetic Resonance

Imaging, Temperature, and Behavioral Outcomes

after Intracerebral Hemorrhage

T2-weighted MRIs showed that ICH lesion size was
similar for untreated (Fig 6A) and minocycline-
treated (see Fig 6B) animals. Similarly, MR perfusion
images showed no changes in striatal or cortical blood
flow after minocycline administration for up to 7
days in rats without ICH. After ICH, blood flow in
the tissue immediately around the hematoma was de-
creased, with no difference between rats treated with
minocycline or vehicle (data not shown). In the
4-hour period immediately after ICH, body tempera-
ture decreased to 36.5 * 0.5°C in rats treated with
minocycline and to 36.4 * 0.4°C in vehicle-treated
animals. Subsequent measurements showed that body
temperature returned to normal and remained un-
changed out to 48 hours after ICH (minocycline
group, 37.7 £ 0.5°C; control group, 37.7 * 0.4°C).
However, neurobehavioral abnormalities caused by
ICH were abrogated by treatment with minocycline
with a trend beginning at day 1 (see Fig 6C), but
reaching statistical significance by day 7, which per-
sisted until day 28 after ICH.

Discussion

In this study, we found several MMPs to be selec-
tively increased after ICH. Like earlier reports,”® both
MMP-2 and -9 were increased in the brains of ani-
mals with ICH. However, MMP-12 was most strik-
ingly elevated at day 7 after ICH, largely in perile-
sional macrophages. Similarly, MMP-12 was induced
in cultured monocytoid cells after PMA and throm-
bin stimulation. Of therapeutic importance, minocy-
cline selectively diminished MMP-12 mRNA and
protein abundance in both in vitro and in vivo assays.
These latter observations were accompanied by im-
proved quantitative neuropathological and neurobe-
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Fig 5. Minocycline inhibits MMP-12 expression in vivo after
intracerebral hemorrhage (ICH). Although MMP-2 (A),
MMP-7 (B), and MMP-9 (C) mRNA expression levels were
not influenced by minocycline treatment, MMP-12 (D) and
interleukin (IL)-1B (E) expression was significantly reduced in
the vicinity of the ICH lesion by concurrent treatment with
minocycline (single asterisks, p < 0.05; double asterisks, p
< 0.01; triple asterisks, p < 0.001). RFI = relative fold
increase; SEM = standard error of the mean.
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Fig 6. Neuroimaging and neurobehavioral abnormalities after intracerebral hemorrhage (ICH). Untreated (A) and minocycline-
treated (B) ICH animals did not differ in the size of the T2-weighted lesion at day 1 after ICH induction. In contrast, minocy-
cline treatment improved neurobehavioral performance (C) after ICH with a trend beginning at day 1 but reaching statistical sig-
nificance at day 7, which was maintained until day 28 after ICH (single asterisk, p < 0.05; double asterisk, p < 0.01). SD =

standard deviation.

havioral features, indicating that reduced expression
of a specific MMP by minocycline improved neuro-
logical outcome.

ICH represents a major subset of strokes including
primary ICH resulting from hypertension, vascular
anomalies, bleeding diatheses, and secondary hemor-
rhagic transformation of ischemic infarcts." The imme-
diate mechanisms by which cellular injury occurs dur-
ing ICH include mechanical compression of tissue due
to blood accumulation and edema, impairment of local
blood flow, and extravasation into the brain paren-
chyma of blood that contains potentially damaging
molecules such as thrombin and plasmin.** Inflamma-
tory cells are activated within hours of ICH initiation,
initiated by adherence of neutrophils to damaged brain
endothelia and subsequent brain entry.” Macrophages
follow neutrophils into the brain within hours to days
after ICH occurrence, and there is activation of resi-
dent microglia and astrocytes, accompanied by neuro-
nal and glial cell death. Given the importance of

MMPs during inflammation within the brain,” it

would be anticipated that MMP expression was in-
duced by ICH. Several MMPs (-3, -7, and -9) were
increased immediately after ICH with subsequent re-
duction in mRNA levels at day 3 after ICH. However,
there was a second increase in MMP-7 and -9 at day 7
after ICH followed by a reduction in mRNA levels.
This biphasic increase in MMP expression may reflect
cellular infiltration and subsequent activation including
early neutrophil entry followed by monocyte/macro-
phage infiltration and activation in response to extrav-
asated blood within the brain. TIMP expression after
ICH varied depending on the individual molecule with
TIMP-1 increased after ICH, whereas TIMP-2 and -3
were reduced after ICH. Of relevance, TIMP-2 and -3
are potent, and constitutively expressed, inhibitors of
several MMPs, and, hence, their reduction may en-
hance the actions of MMPs within the brain.”*® Al-
though we previously have shown that TNF-a expres-
sion is increased in this model of ICH,* we did not
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find consistent changes in TACE mRNA after ICH
(data not shown), which was surprising because of its
significance in the neuropathogenesis of other diseases.
Although these observations support a role for MMPs
in the pathogenesis of ICH, the currently studied
MMPs represent only a subset of metalloproteinases
found within the brain, and future studies will require
examination of related proteases to fully define their
expression profile after ICH.

Despite ICH being a frequent type of stroke, there
are few models that recapitulate its clinical and neu-
ropathological features. Nonetheless, our model re-
flects many of the key aspects of ICH including neu-
robehavioral, neuroimaging, and neuropathological
features. However, one fundamental difference is that
the blood vessels are disrupted in this model by the
injection of bacterial collagenase. Although this can
be viewed as a potential criticism of the model, stud-
ies done by our group indicate that there was no dif-
ference observed in the MMP mRNA profile between
collagenase-injected animals and animals injected
with autologous blood (data not shown), another
model of ICH injury. In both ICH models, cell death
involving neurons and glia is a cardinal feature of tis-
sue injury. Moreover, inflammation is a common fea-
ture to both models of ICH with initial neutrophil
infiltration followed by monocytoid infiltration and
activation within the brain.> Accompanying the cel-
lular changes in ICH is the upregulation of several
families of proinflammatory genes including
MMPs.*> Earlier studies by Rosenberg and colleagues
using gelatin zymography showed that MMP-2 and
-9 are upregulated after ICH,?° and our results extend
these observations by showing that increased tran-
scription of several MMPs occurs after ICH. The sig-
nificance of these findings is considerable given that
MMP-2 is thought to be neurotoxic as shown in
models of human immunodeficiency virus infec-
tion.>> MMPs can promote inflammation as illus-
trated by the ability of both TACE and MMP-7 to
cleave pro-TNF-q, resulting in its enhanced activity.
Nevertheless, we found that MMP-12 expression was
especially induced by ICH injury. MMP-12 is also
induced, along with other MMPs, in a model of mul-
tiple sclerosis in rats.>® Although we did not quantify
MMP-12 protein expression or activity in vivo be-
cause of the difficulty performing casein zymography
or MMP-12 immunoblotting in brain tissue, the in-
creased immunoreactivity of MMP-12 on brain sec-
tions from ICH animals together with the close cou-
pling of MMP-12 mRNA and protein expression
indicates that reduction of MMP-12 expression with
minocycline is both an in vitro and in vivo phenom-
enon. Moreover, the activation of monocytoid cells
was accompanied by increased MMP-12 expression
and release by these cells. The substrates for MMP-12
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(metalloelastase) include casein, elastin, fibronectin,
laminin, proteoglycon link protein, and vitronectin.”
However, proteolysis of these molecules has not been
associated with cell death, with the exception of the
degradation of laminin, ultimately leading to neuro-
nal death.'” Hence, an important question regarding
the potential substrates for MMP-12 that mediates
cellular damage after ICH remains to be answered.

Earlier studies indicate that minocycline is neuro-
protective after cerebral ischemia, demyelination, and
neurotrauma.”*>”*® Minocycline’s mechanism of ac-
tion remains unclear, although studies suggest that it
may downregulate microglia activation,” caspase ac-
tivity,40 and other select signaling pathwztys.41 Mino-
cycline recently was found to inhibit the release of
cytochrome ¢ from mitochondria, which is key step in
the induction of apoptosis.*> These latter findings
complement our results in which we show diminished
in vivo cell death with minocycline treatment after
ICH. Hypothermia has been shown consistently to be
neuroprotective (reviewed in Corbett and Nurse*?),
but in our studies we found that minocycline did not
induce hypothermia when animals were treated for
several weeks. Similarly, perfusion imaging did not
show a difference in blood flow around the lesion be-
tween minocycline-treated and untreated animals, in-
dicating that its neuroprotective effects were indepen-
dent of blood flow in these studies. In both
minocycline-treated and untreated animals, there was
a decline in body weight after ICH induction, but
animals in the minocycline group did not gain weight
subsequently at the same rate as those in the un-
treated group (data not shown). However, in long-
term human use for the treatment of acne, the toxic-
ity of minocycline has been unremarkable and weight
loss has not been reported.44747

In  summary, minocycline selectively reduced
MMP-12 mRNA and protein abundance and activity
but did not affect other MMP levels, suggesting that
minocycline’s actions are comparatively specific in this
model of ICH injury. In addition, minocycline re-
duced macrophage activation, similar to previous stud-
ies showing a downregulation of microglia during Ex-
perimental ~ Allergic ~ Encephalomyelitis  (EAE),*®
ischemic injury,”® and in an animal model of Parkin-
son’s disease.?® These, and other mechanisms described
above, highlight the neuroprotective effects of minocy-
cline in a variety of central nervous system injuries.
There are few therapies for ICH, and with its estab-
lished safety profile in humans, minocyline is an ap-
pealing therapeutic option for ICH. Moreover, the re-
cent implication of MMPs in  hemorrhagic
transformation of ischemic stroke after thrombolytic
therapy underscore the importance of MMPs in the
pathogenesis of stroke.* ! Further studies focused on
the precise mechanism of its inhibition of MMP-12,



and potential substrates for MMP-12 are required to

further elucidate the pathogenic mechanisms after
ICH.
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