
Thrombin-induced cerebral hemorrhage: role of protease-
activated receptor-1

Yingying Cheng, MD1,2, Guohua Xi, MD1, Hang Jin, MD1,2, Richard F. Keep, Ph.D.1, Jiachun
Feng, MD2, and Ya Hua, MD1

1Deparment of Neurosurgery, University of Michigan, Ann Arbor, MI, USA

2Department of Neurology, The 1st Hospital of Jilin University, Changchun, Jilin, China

Abstract

Thrombin causes blood-brain barrier disruption and this study examined whether thrombin can

cause brain hemorrhage through protease-activated receptor-1 (PAR-1). Male wild type and

PAR-1 knockout mice had an intracerebral injection of thrombin or saline. Mice then underwent

serial T2 magnetic resonance imaging and were euthanized for brain hemoglobin, iron and

interleukin-1β measurements. Thrombin caused massive T2 lesions and brain hemorrhage in wild

type mice. These effects were markedly reduced in PAR-1 knockout mice. Thrombin also

increased brain interleukin-1β and this was absent in PAR-1 knockout mice. In conclusion,

thrombin increases interleukin-1β levels and induces intracerebral hemorrhage through PAR-1

activation.
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Introduction

Thrombin is a serine protease and contributes to brain injury after both intracerebral

hemorrhage and cerebral ischemia(1–4). Thrombin can be produced in the brain either

immediately after a brain hemorrhage or after blood-brain barrier (BBB) disruption. It is

well known that high concentrations of thrombin in the brain are harmful(5).

The effects of thrombin can be non-receptor-mediated as in, for example, cleavage of

fibrinogen to fibrin, or receptor-mediated as in, for instance, activation of p44/42 mitogen

activated protein kinases(5). Three protease-activated receptors (PARs), PAR-1, PAR-3 and

PAR-4, are thrombin receptors and can be activated by thrombin(6). Activation of PAR-1

has been linked to many intracellular signaling pathways and is related to brain injury after

hemorrhagic and ischemic stroke(7, 8).
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Hemorrhagic transformation and hematoma enlargement exacerbate brain damage after

ischemic and hemorrhagic stroke. There are many triggers and mediators of hemorrhagic

transformation after cerebral ischemia including the inflammatory mediator, interleukin-1

(9). Our previous studies have demonstrated that thrombin activity is increased in ischemic

and hemorrhagic brain and thrombin can cause BBB disruption(5). In the current study, we

investigated whether thrombin can cause brain hemorrhage and whether this is through

PAR-1. In addition, we also examined the role of PAR-1 in thrombin-induced upregulation

of brain interleukin-1β (IL-1β), as a potential mediator of vascular disruption.

Materials and Methods

Animal Preparation and Intracerebral Infusion

The University of Michigan Committee on the Use and Care of Animals approved the

protocols for these animal studies. Male PAR-1 knockout mice (PAR-1 KO, University of

Michigan Breeding Core) and male wild-type (WT) mice (Jackson Laboratory, Bar Harbor,

ME), aged 2–3 months, were used in the study. Mice were anesthetized with ketamine (90

mg/kg, i.p.) and xylazine (5 mg/kg, i.p.). Rectal temperature was maintained at 37.5°C. The

mice received an injection of rat thrombin (0.5 U, Sigma) in 10-µl saline or 10-µl saline

alone into the right basal ganglia (coordinates: 0.2 mm anterior, 3.5 mm ventral, and 2.5 mm

lateral to the bregma). After injection, the needle was removed, and the skin incision was

closed with suture.

Experimental Groups

This study was divided into 4 parts: 1) Male WT and PAR-1 KO mice had 0.5 U thrombin

or saline injected into right basal ganglia. Some animals had serial magnetic resonance

imaging (MRI) T2 imaging at days 1 and 3. Mice (n=5, each group) were euthanized at 1, 3

and 7 days later for brain histology; 2) WT and PAR-1 KO mice (n=5, each group) were

euthanized at day 3 after thrombin injection for brain hemoglobin content determination; 3)

WT mice (n=6, each group) were euthanized at 6, 12, 24, 48 and 72 hours after thrombin

injection to determine the time course of IL-1β content; and 4) WT and KO mice (n=5, each

group) had a thrombin injection and were euthanized at 12 hours later for IL-1β

measurement.

Magnetic Resonance Imaging

MRI was performed using a 7.0-T MR scanner. A T2 fast spin-echo sequence (repetition

time/echo time=4000/60 ms) was performed. Twenty-five slices of 0.5 mm thickness were

performed. T2 lesion volumes were measured with Image J (10). All measurements were

repeated three times and the mean value was used.

Hemoglobin Measurement

Cerebral hemorrhage was evaluated using a spectrophotometric assay to determine

hemoglobin content(11). At 3 days after thrombin injection, animals were perfused

transcardially with 0.1mol/L phosphate-buffered saline under deep anesthesia until the

outflow fluid from the right atrium was colorless. The brain was rapidly removed and
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dissected into the left and right hemispheres. Total hemispheric hemoglobin content was

expressed in micrograms.

Enhanced Perls’ staining

Brain sections were incubated in Perls’ solution (1:1, 5% potassium ferrocyanide and 5%

HCl) for 45 minutes, and incubated again in 0.5% diamine benzidine tetrahydrochloride

with nickel for 60 minutes.

Brain tissue IL-1β measurement

For IL-1β measurement, basal ganglia samples were taken and IL-1β was determined using

an enzyme-linked immunosorbent assay kit for mouse IL-1β (R&D Systems, Minneapolis)

(12). This kit measures the active form of IL-1β. Results were expressed as nanograms per

gram (ng/g) of brain tissue.

Statistics

All data in this study are presented as mean ± S.D. Data were analyzed with Student’s t-test

and analysis of variance. Statistical significance was set at p<0.05.

Results

Mortality after intracerebral thrombin injection was not significantly different in WT (11%)

and PAR-1 KO mice (9%). Thrombin but not saline resulted in massive T2 lesions in WT

mice (Fig. 1A). MRI studies showed that the T2 lesions induced by thrombin were smaller

in PAR-1 KO mice compared to those in WT mice (Fig. 1A).

An examination of brain sections after thrombin injection showed areas of hemorrhage in

the ipsilateral hemisphere (Fig. 1B). This hemorrhage was examined using Perls’ staining

for iron and by measuring brain hemoglobin. Perls’ staining showed that thrombin caused

significant brain hemorrhage in WT mice and that hemorrhage peaked at day-3. Perls’

positive cells were less in PAR-1 KO mice (Fig. 1C). Brain hemoglobin content was

measured at day-3 after thrombin injection to assess hemorrhage volume. Thrombin-induced

marked hemoglobin accumulation in the ipsilateral hemisphere in WT-type mice and this

was markedly reduced in PAR-1 KO mice (hemoglobin: 327±134 vs. 913±221 µg in the WT

mice, p<0.01, Fig. 1D).

The role of PAR-1 in brain IL-1β levels after thrombin stimulation was also examined.

Figure 2A shows the time course of brain IL-1β levels following thrombin injection in WT

mice. Brain IL-1β levels peaked at 12 hours and returned to low levels after 24 hours. We

then measured brain IL-1β levels in WT and PAR-1 KO mice and found that thrombin-

induced upregulation of brain IL-1β was basically absent in PAR-1 KO mice (p<0.01, Fig.

2B).

Discussion

A major finding of current study is that intracerebral thrombin can cause cerebral

hemorrhage, despite the known effects of thrombin on hemostasis. Thrombin activity is
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increased in ischemic brain and hemorrhagic transformation is a major problem for ischemic

stroke, especially with tissue plasminogen activator treatment.

Our previous studies have demonstrated that thrombin causes BBB disruption, brain edema,

inflammatory cell infiltration and neuronal death. Thrombin also exacerbates ischemic brain

injury (13) and intracerebral injection of hirudin, an inhibitor of thrombin, attenuates infarct

volume and neurological deficits without altering local cerebral blood flow(14).

Intraventricular injection of hirudin also reduces hippocampal neuronal death in a gerbil

model of global cerebral ischemia(15). Another recent study found that thrombin mediates

ischemia-induced BBB disruption, an effect blocked by argatroban, a thrombin inhibitor (1).

These results suggest that thrombin is a target for stroke therapy. Future studies should

determine whether thrombin inhibition can reduce hemorrhagic transformation after cerebral

ischemia.

The generation of thrombin from plasma prothrombin is a critical for hemostasis. However,

extravascular thrombin has many effects in the brain, including BBB disruption (5). The

current study demonstrates that the extravascular effects of thrombin can result in

intracerebral hemorrhage, i.e. it appears that those effects can outweigh the hemostatic

effects of thrombin. The balance between the hemostatic and pro-hemorrhagic actions of

thrombin is likely dependent upon multiple factors such as the concentration of

extravascular thrombin and the expression of thrombin receptors (as shown in the current

study) and inhibitors in a particular disease state.

Our data showed that PAR-1 plays a role in thrombin-induced hemorrhage. It is well known

that PAR-1 activation is related to hemorrhagic and ischemic brain injury. For example,

thrombin- and intracerebral hemorrhage-induced brain injury is less in PAR-1 KO mice(8).

Brain infarction is also reduced in PAR-1 KO mice and intracerebroventricular injection of

PAR-1 antagonist BMS-200261 reduces infarct volume in a mouse cerebral ischemia model

(7). The role of PAR-1 activation in hemorrhagic transformation needs to be investigated

further.

It is important to understand how thrombin causes brain hemorrhage. A previous study

found that intracerebral injection of thrombin did not affect cerebral blood flow in rats(16).

Our present results found that thrombin increases brain IL-1β through PAR-1, which may

contribute to BBB disruption and brain hemorrhage. Investigations have shown that

overexpression of interleukin-1 receptor antagonist in the brain reduces thrombin-induced

brain edema (17) and inhibition of IL-1β reduces BBB permeability after subarachnoid

hemorrhage (18). It should be noted that the effects of thrombin on inflammatory mediators

is not limited to IL-1β. For example, we have shown that an intracerebral injection of

thrombin causes a marked increase in tumor necrosis factor-α (12). It is possible that the

effects of thrombin on a combination of such mediators ultimately result in hemorrhage.

It is becoming clear that thrombin has multifactorial actions in stroke dependent on site

(intra- or extravascular) and mode of action (fibrinogen cleavage or activation of which type

of receptor). This adds complexity to targeting thrombin in stroke. The current study
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suggests that targeting PAR-1, while not effecting thrombin-mediated cleavage of fibrinogen

to fibrin, might be one potential approach.

In conclusion, intracerebral thrombin can result in brain hemorrhage through PAR-1

activation. IL-1β may have a role in thrombin-induced hemorrhage.
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Figure 1.
(A) MRI T2-weighted images showing thrombin-induced brain injury in wild type (WT) and

PAR-1 knockout (KO) mice at days 1 and 3. Intracerebral injection of saline did not result in

T2 lesion. Values are mean ± SD, n=5, #p<0.01, *p<0.05 versus PAR-1 KO. (B) An

example of a brain section from a WT mouse 3 days after thrombin injection. Note the

multiple areas of hemorrhage around the ipsilateral hemisphere. (C) Perls’ staining showing

iron accumulation in the ipsilateral hemisphere of WT and KO mice after thrombin

injection. Scale bar=200 µm. (D) Brain hemoglobin levels in the contralateral and ipsilateral

hemispheres of WT and KO mice 3 day after thrombin injection. Values are mean ± SD,

n=5, #p<0.01 versus PAR-1 KO mice and the contralateral hemisphere.
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Figure 2.
(A) IL-1β protein levels in the basal ganglia of WT mice after intracerebral injection of

thrombin (0.5 U). Values are mean ± SD, n= 6, #p<0.01 versus the contralateral side and the

other time points. (B) IL-1β protein levels in the basal ganglia of WT and PAR-1 KO mice

at 12 hours after thrombin injection. Values are mean ± SD, n=5, # p<0.01 versus PAR-1

KO mice.
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