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Abstract

Objectives—Microglial activation and thrombin formation contribute to brain injury after
intracerebral hemorrhage. Tumor necrosis factor-alpha and interleukin-1beta are two major pro-
inflammatory cytokines. The present study investigated if thrombin stimulates tumor necrosis factor-
alpha and interleukin-1beta secretion in vitro and if microglial inhibition reduces intracerebral
hemorrhage -induced brain injury in vivo.

Methods—There were two parts in this study. In the first part, cultured rat microglial cells were
treated with vehicle, thrombin (10 U/ml), or thrombin plus minocycline (1 or 10 uM), an inhibitor
of microglia activation. Levels of tumor necrosis factor-alpha and interleukin-1beta in culture
medium were measured by Enzyme-Linked ImmunoSorbent Assay at 24 hours after thrombin
treatment. In the second part, rats had an intracerebral injection of 100-pl autologous whole blood.
Rats received minocycline or vehicle treatment. Brain edema was measured at day 3 and brain atrophy
was determined at day 28 after intracerebral hemorrhage.

Results—Thrombin receptors were expressed in cultured microglia cells, and tumor necrosis factor-
alpha and interleukin-1beta levels in the culture medium were increased after thrombin treatment.
Minocycline reduced thrombin-induced upregulation of tumor necrosis factor-alpha and
interleukin-1beta. In vivo, minocycline reduced perihematomal brain edema, neurological deficits
and brain atrophy.

Discussion—Thrombin stimulates microglia to release the pro-inflammatory cytokines, tumor
necrosis factor-alpha and interleukin-1beta, and microglial inhibition with minocycline reduces brain
injury after intracerebral hemorrhage suggesting a critical role of microglia activation in intracerebral
hemorrhage -related brain injury.
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Introduction

Microglia are cells within the brain that are activated in response to injury. Depending upon
specific conditions, they can have neurotrophic or neurotoxic actions +. In normal brain,
microglia are in a quiescent state, but in the event of injury they become highly phagocytic and
they are involved in clearing debris from the damaged site 1 Activated microglia are found
associated with ischemic and hemorrhagic brain injury, including intracerebral hemorrhage
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and there is evidence that microglia contribute to intracerebral hemorrhage-induced brain
damage 2-4

Thrombin is a serine protease and an essential component in the coagulation cascade. It is
produced immediately in the brain after intracerebral hemorrhage. Thrombin, at high
concentrations, kills neurons and astrocytes in vitro 5-7 and we have demonstrated that
thrombin is responsible for early brain damage following intracerebral hemorrhage in vivo
8-11 Thrombin can activate microglia and activated microglia release proinflammatory
cytokilnzes such as tumor necrosis factor-alpha and interleukin-1beta, which are harmful to the
brain +<.

Minocycline, a second generation tetracycline-based molecule, is a potent inhibitor of
microglia activation B tisa highly lipophilic compound and penetrates the brain-blood
barrier easily 14, Minocycline has been reported to provide neuroprotection by inhibiting
microglia. An in vitro study showed that minocycline reduced excitotoxicity in primary
neuronal culture by preventing excitotoxin-induced microglial proliferation 15 1t also inhibits
macrophage/microglia activation after intracerebral hemorrhage in the rat 16,17,

In the present study, we examined whether or not thrombin can stimulate tumor necrosis factor-
alpha and interleukin-1beta secretion in cultured microglial cells and whether or not microglial
inhibition with minocycline can reduce brain injury in a rat model of intracerebral hemorrhage.

Materials and Methods

Experiments in vitro

Microglia Culture—Cultures of microglia were established based on the differential
adherence of cells harvested from neonatal (day 1-3) Sprague-Dawley rat cortex. The methods
used were modified from McCarthy and deVellis 18 Mixed cell cultures were initially
established in T75 Falcon flasks. Cerebra were dissected and placed in a medium for astrocytes.
Meninges and blood vessels were removed. The medium was then removed and cerebra were
minced with a blade. Tissues were suspended in modified Hanks' Balanced Solution (GIBCO).
After centrifugation, the cell pellet was digested in 0.5% trypsin at 37°C for 20 minutes, then
re-suspended in Buffer T. The cells were then re-centrifuged. After centrifugation, the pellet
was re-suspended in astrocyte medium, and the cells plated into T75 Falcon flasks coated with
poly-L-lysine at the density of 1x108/ml. The cells were cultured at 37°C in an atmosphere of
5% CO, in air. The medium was changed after 3-4 days. After 7-10 days, the flask was shaken
at 200 rpm for 1 hour on a gyratory shaker at 4°C. The supernatant cells were plated on uncoated
T25 flasks and incubated for 30 minutes at 37°C. The cells were then washed with Tris-buffered
saline and the supernatant discarded. The remaining microglia cells were fed with microglia
culture medium.

Experimental Groups—Cultured microglia were treated with human thrombin (10 U/mL;
Sigma) or thrombin (10 U/mL) plus minocycline (1 or 10uM; Sigma). Culture medium was

collected for interleukin-1beta and tumor necrosis factor-alpha measurements 24 hours after
treatment.

Measurements of interleukin-1beta and tumor necrosis factor-alpha—Cells were
seeded at a density of 1x10° in 24 well plates. After 24 hours in growth media, the cells were
cultured in serum-free media for 18 hours prior to treatment with thrombin at doses of 0 and
10 U/ml. Microglia-conditioned medium from each well was collected at 24 hours and the
concentrations of interleukin-1beta and tumor necrosis factor-alpha were quantified by
Enzyme-Linked ImmunoSorbent Assay (R & D Systems). The final interleukin-1beta and
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tumor necrosis factor-alpha concentration from each well were standardized by protein
concentration.

Experiments in vivo

Animal Preparation and Intracerebral Injection—The University of Michigan
Committee on the Use and Care of Animals approved the protocols for these animal studies
that used male Sprague-Dawley rats aged 3-4 months (Charles River Laboratories). Septic
precautions were utilized in all surgical procedures and body temperature was maintained at
37.5 °C using a feedback-controlled heating pad. Rats were anesthetized with pentobarbital
(50 mg/kg, I.P.) and the right femoral artery was catheterized for continuous blood pressure
monitoring and blood sampling. Blood from the catheter was used to determine pH, PaO,,
PaCO,, hematocrit and glucose. It was also the source for the intracerebral blood infusion. The
animals were positioned in a stereotactic frame (Kopf Instruments). Autologous blood was
injected into the right caudate through a 26-gauge needle at a rate of 10 uL per minute using
a microinfusion pump (Harvard Apparatus Inc.). The coordinates were 0.2 mm anterior to
bregma, 5.5 mm ventral, and 4.0 mm lateral to midline. After intracerebral infusion, the needle
was removed and the skin incision closed with suture.

Experimental Groups—Male Sprague-Dawley rats received an infusion of 100-pl
autologous whole blood into the right basal ganglia. Rats received minocycline injection
intraperitoneally at dose of 45 mg/kg immediately and 12 hours after intracerebral hemorrhage,
followed by 22.5mg/kg twice a day for 2 days. In the control group, rats received vehicle only.
There were two sets of experiments in this study. In the first set of experiments, the effects of
minocycline on intracerebral hemorrhage-induced brain edema were examined at day 3. In the
second set, behavioral tests were performed at days 1, 3, 7, 14 and 28. Rats were killed at day
28 for brain atrophy measurement (caudate and lateral ventricle size).

Brain Water and lon Content Measurements—Rats were Killed under deep
pentobarbital anesthesia at day 3. The brains were removed immediately and a 4-mm thick
coronal section was taken 3 mm from the frontal pole. The brain sample was then divided into
cortex or basal ganglia (ipsilateral or contralateral). Tissue samples were weighed to obtain the
wet weight. The tissue was then dried in a gravity oven at 100°C for more than 24 hours to
determine the dry weight. Tissue water content (%) was calculated as ([wet weight-dry weight]/
wet weight)*100. Dehydrated brain samples were digested in 1 mL of 1 N nitric acid for 1
week. Sodium and potassium ion contents in this solution were measured by flame photometry
and expressed in micro-equivalents per gram of dehydrated brain tissue (uEq/g dry wit).

Brain atrophy examination—Rats were anesthetized with pentobarbital (60 mg/kg, i.p.)
and perfused with 4% paraformaldehyde in 0.1 M pH 7.4 phosphate-buffered saline. Removed
brains were kept in 4% paraformaldehyde for four to six hours, then immersed in 25% sucrose
for three to four days at 4 °C. The brains were embedded and sectioned on a cryostat (18 pm
thick). Coronal sections from 1 mm anterior and 1 mm posterior to the blood injection site
were used for hematoxylin and eosin staining 19 caudate and lateral ventricular areas were
measured.

Behavioral Tests—All animals underwent behavioral testing before and after surgery and
were scored by experimenters who were blind to both neurological and treatment conditions.
To asgess behavioral deficits both forelimb placing and forelimb use asymmetry tests were
used 7.

Statistical Analysis—All data in this study were presented as mean + standard deviation.
Data were analyzed using Student t test or analysis of variance with a Scheffe's post-hoc
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multiple comparison test. Behavioral data were analyzed by Kruskal-Wallis test. Significance
levels were set at p < 0.05.

Results

Experiments in vitro

Cultured microglia (Figure 1) released interleukin-1beta and tumor necrosis factor-alpha into
the culture medium. Thrombin treatment (10 U/ml) increased interleukin-1beta (180 + 94 vs.
38 £ 8 pg/ml in the control, p<0.05) and tumor necrosis factor-alpha (1362 £1224 vs. 101+ 21
pg/ml in the control, p<0.01) secretion at 24 hours. Co-treatment of thrombin (10 U/ml) for 24
hours with minocycline (1 and 10 uM) significantly reduced the levels of interleukin-1beta
(more than 70% decreases compared with the vehicle-treated group, p<0.01, Figure 2) and
tumor necrosis factor-alpha (more than 90% decreases compared with the vehicle treated
group, p<0.01, Figure 3) in the culture medium.

Experiments in vivo

All physiologic variables were measured immediately before intracerebral injections. Mean
arterial blood pressure, pH, arterial oxygen and carbon dioxide tensions (PO, and PCO,),
hematocrit, and blood glucose were controlled within normal range (mean arterial blood
pressure, 80-120 mmHg; PO,, 80-120 mmHg; PCO,, 35-45 mmHg; hematocrit, 38-43 %;
blood glucose, 80-120 mg/dl).

Normal rat brain water content in the basal ganglia is about 78% and intracerebral hemorrhage
causes brain edema in the perihematomal zone. Minocycline reduced perihematomal brain
edema in the ipsilateral basal ganglia (78.8+0.4 vs. 80.9+1.1% in the vehicle-treated group,
p<0.01, Figure 4A). Minocycline also reduced sodium ion accumulation (219 +22 vs. 324 +
89 uEqg/g dry wt in the vehicle-treated group, p<0.01, Figure 4B) and potassium ion loss (394
+16 vs. 327 + 48 puEq/g dry wt in the vehicle-treated group, p<0.01, Figure 4C) in the
perihematomal zone.

Minocycline also improved functional outcome. For forelimb placing, normal rats have a score
of 100% and lower scores indicate a deficit. The forelimb placing score was increased by
minocycline treatment (day 1: 12+10 vs. 0+0% in the vehicle-treated group, p<0.05; day 14:
98+4 vs. 60+36%, p<0.05). For forelimb use asymmetry, normal rats have a score of 0% and
high scores indicate a deficit. Minocycline reduced forelimb using asymmetry score (day 1:
13+24 vs. 47+ 16% in the vehicle-treated group, p<0.05; day 3: 13+18 vs. 41+15%, p<0.05).

In addition, minocycline reduced brain tissue loss in the ipsilateral caudate (5+7% vs. 17+5%
loss in the vehicle-treated group, p<0.01) and ventricular enlargement (p<0.05, Figure 5).

Discussion

In the present study, we found that thrombin can stimulate microglia to secrete
interleukin-1beta and tumor necrosis factor-alpha, and that microglia inhibition with
minocycline reduces intracerebral hemorrhage-induced brain injury. These results suggest an
important role of thrombin-activated microglia in brain injury following intracerebral
hemorrhage and that this injury may be via pro-inflammatory cytokines.

Thrombin is produced immediately in the brain after an intracerebral hemorrhage. Thrombin
is necessary to stog) the bleeding and it can also have direct neuroprotective actions at very low
concentrations 2 6: 20, However, at high concentrations, thrombin can also activate potentially
harmful pathways. In vivo, thrombin contributes to intracerebral hemorrhage-related injury,
including brain edema formation and neuronal death 2,21 \We have shown that thrombin-
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induced edema is partly from a direct opening of the blood-brain barrier 22 1n vitro, thrombin
induces apoptosis in cultured neurons and astrocytes 23 potentiates N-methyl-D-aspartic acid
receptor function 24 and activates rodent microglia 12 25 26, The current study focused on the
effects of the latter, examining the effects of thrombin on the secretion of pro-inflammatory
cytokines by microglia and the results of microglia inhibition on intracerebral hemorrhage-
induced brain injury.

Activated microglia secrete many toxic materials such as free radicals 27 Here, we found that
rat microglia can secrete interleukin-1beta and tumor necrosis factor-alpha upon exposure to
thrombin. Tumor necrosis factor-alpha is a major pro-inflammatory cytokine. Tumor necrosis
factor-alpha levels in the brain are increased after intracerebral injection of thrombin and
intracerebral hemorrhage 28 and intracerebral hemorrhage-induced brain edema was less in
tumor necrosis factor-alpha knockout mice compared with wild type mice 29 1 appears that
tumor necrosis factor-alpha is involved in intracerebral hemorrhage- and thrombin-induced
brain injury. Similarly, interleukin-1 is also a pro-inflammatory cytokine. Although it is
important in initiating tissue repair, it can also induce prolonged inflammation and it is
associated with certain pathologies in human. Interleukin-1 has multiple potentially harmful
effects on the brain, including neurotoxicity, opening the blood-brain barrier, and inducing
apoptosis and neutrophil infiltration. Our previous study showed attenuation of intracerebral
hemorrhage and thrombin-induced brain edema by overexpression of interleukin-1 receptor
antagonist in the brain 30, 1 all, these results and those of the current study suggest that
thrombin-induced production of these pro-inflammatory cytokines by microglia may have an
important role in intracerebral hemorrhage-induced brain injury.

Microglia activation contributes to edema formation following intracerebral hemorrhage since
minocycline, an inhibitor of microglia activation, results in less perihematomal edema. We
have previously found that microglial activation is associated with severe brain swelling after
intracerebral hemorrhage4. Many factors, including thrombin and complement factors,
contribute to brain edema formation after intracerebral hemorrhage 2 and both thrombin and
complement can activate microglia 3,25 |tis unclear, however, whether or not thrombin- or
complement-mediated brain edema is through microglia activation.

Minocycline reduces ICH-induced brain tissue loss and improves functional outcomes
suggesting that acute microglia activation after intracerebral hemorrhage may be harmful.
Microglia secrete many toxic materials such as free radicals and can cause brain damage 21,
Our results are supported by a study by Wang et al. who found that microglial inhibition
decreases injury volume and improves neurobehavioral outcomes in a mouse intracerebral
hemorrhage model 31 However, it should be noted that although microglial activation is a
brain injury marker for many central nervous system diseases, microglia can also have
neurotrophic actions .

In summary, thrombin can stimulate microglia to secrete interleukin-1beta and tumor necrosis
factor-alpha. Clarification of the role of microglia activation in intracerebral hemorrhage-
induced brain injury should be helpful to develop new therapies for intracerebral hemorrhage.
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Figure 1.
Cultured rat microglia. Scale bar = 20 pm.
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Figure 2.

Interleukin-1beta (IL-1pB) levels in the microglia culture medium after thrombin treatment.
Cultured microglia were treated with either vehicle, thrombin (10 U/ml) or thrombin (10 U/
ml) plus minocycline (Mino, 1 or 10 mM). Values are mean +SD, # p<0.01 vs. the other groups.
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Figure 3.

Tumor necrosis factor-alpha (TNF-a) levels in the microglia culture medium after thrombin
treatment. Cultured microglia were treated with either vehicle, thrombin (10 U/ml) or thrombin
(10 U/ml) plus minocycline (Mino, 1 or 10 mM). Values are mean £SD, # p<0.01 vs. the other
groups.
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Brain water (A), sodium (B) and potassium (C) contents 3 days after intracerebral hemorrhage
(ICH). Rats received an injection of autologous blood into the right basal ganglia. The rats
were treated with either vehicle or minocycline. Values are mean = SD. # p < 0.01 vs. vehicle.
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Figure 5.
Ventricle sizes 28 days after intracerebral hemorrhage (ICH) in rats treated with vehicle (A)

or minocycline (B). For ventricle measurement, the ipsilateral size was expressed a % of
contralateral (C). Values are mean £SD, *p<0.05 vs. vehicle.
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