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ABSTRACT-This study investigated the roles of thromboxane A2 (TXA2), ADP and thrombin in middle 

cerebral artery (MCA) thrombosis in the rat. The rat MCA was occluded by a thrombus induced by the 

photochemical reaction of rose bengal by green light that causes endothelial damage followed by platelet 
adhesion, aggregation and formation of a platelet and fibrin-rich thrombus at the site of the photochemical 
reaction. Vapiprost, a specific TXA2-receptor antagonist; clopidogrel, which has the thienopyridine struc-
ture of ticlopidine and is a more potent inhibitor of ADP-induced platelet aggregation than ticlopidine; 
argatroban, a specific thrombin inhibitor; or heparin was administered intravenously before rose bengal 
injection. The MCA local blood flow was monitored by a laser Doppler flowmeter. The MCA was occluded 
by thrombus about 5 min after the initiation of the photochemical reaction. Vapiprost, clopidogrel and 
argatroban all significantly prolonged the time taken for the thrombotic occlusion of the MCA, but in this 
respect, heparin was ineffective. Our observations suggest that vapiprost and clopidogrel are useful anti-
thrombotic agents against platelet and fibrin-rich thrombi. The effect of argatroban is attributable to in-
hibition of thrombin-induced platelet activation and fibrin generation. The thrombosis model described in 
this study is useful for understanding the mechanism(s) of thrombogenesis in the rat MCA and may be ap-

plied to other mammalian species. 
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 In patients with transient ischemic attacks, subsequent 

stroke can be prevented by platelet activation inhibitors 

(1-6). However, numerous factors such as platelet aggre-
gation, the formation of fibrin, vasoconstriction and inter-
action between vessel walls and leukocytes (7) may con-
tribute to arterial thrombogenesis. Our understanding of 

the mechanisms of thrombus formation in the cerebral ar-
tery is far from complete. For investigating thrombogene-
sis in the cerebral artery, suitable animal models are re-

quired. In line with this, we have established a model of 
middle cerebral artery (MCA) thrombosis in the rat (8). 
In our model, an arterial platelet and fibrin-rich throm-

bus is induced through endothelial damage by a photo-
chemical reaction (8). 

 Platelet aggregation in vivo is thought to be induced by 
at least two main mediators, thromboxane A2 (TXA2) and 

ADP. Platelets have an important role in arterial throm-
bosis that may result in stroke or myocardial infarction. 
In this study, the effect of vapiprost (9, 10), a TXA2-recep-

tor antagonist; clopidogrel, which has the thienopyridine

structure of ticlopidine and is a more potent inhibitor of 
ADP-induced platelet aggregation than ticlopidine 

(11-13); and argatroban (14, 15), a thrombin inhibitor, 
were investigated in the MCA thrombosis model in rats. 
Clopidogrel is an analogue of ticlopidine that has been 

reported to be effective for the prevention of stroke (5, 6). 
 Thrombin has two main functions, platelet aggregation 

and conversion of fibrinogen to fibrin, that are important 
in thrombosis (16, 17). Accordingly, recently specific 
thrombin inhibitors including argatroban have been deve-
loped and found to inhibit platelet-rich thrombus forma-

tion in several animal models (18-20). However, effects 
of thrombin inhibitors in animal models of cerebrovascu-

lar thrombosis have not yet been investigated. Therefore, 
in the present study, we have also investigated whether or 

not the thrombin inhibitor argatroban is effective against 
arterial thrombosis in our rat model.



Fig. 1. Illustration of animal preparation.

MATERIALS AND METHODS 

Agents 
 Vapiprost, [lR-[la(Z),213,3,3,5a]]-(+)-7-[5-([1,1"-biphen-

yl] -4-ylmethoxy)-3-3-hydroxy-2-(1-piperidinyl)cyclopen-
tyl]-4-heptenoic acid, hydrochloride was obtained from 
Glaxo Group Research, Ltd. (Greenford, England); 

clopidogrel, (s)-methyl(2-(2-chlorophenyl)-2-(4,5,6,7-
tetrahydrothieno(3,2-C)pyridine-5-yl)acetate, hydrogen 
sulfate was obtained from Daiichi Pharmaceutical Co., 

Ltd. (Tokyo); and argatroban, (2R,4R)-4-methyl-l-[N2-

(3-methyl-1,2, 3,4-tetrahydro-8-quinolinesulfonyl)-L-ar-
ginyl]-2-piperidinecarboxylic acid monohydrate, was ob-
tained from Mitsubishi Kasei Co. (Tokyo). Heparin (187 
units per 1 mg dry powder) was purchased from Sigma 

(St. Louis, MO, USA) and rose bengal was purchased 
from Wako (Osaka). 

Animal preparation 
 Wistar male rats (SLC, Hamamatsu) weighing 

240-260g were used. The body temperature of the 

animals was maintained at 37.51C with a heating-pad (K-
module Model K-20; American Pharmaseal Company, 
Valencia, CA, USA). The MCA thrombosis model in the 

rat has been described previously (8). In brief, under pen-
tobarbital anesthesia and spontaneous respiration, a 

catheter for the administration of rose bengal or agents 
was placed in the femoral vein. The scalp was incised, the 
temporalis muscle was partialy cut, and a subtemporal 

craniotomy was performed using a dental drill under an 
operating microscope to open a 3-mm diameter circular 

bonny window. 

Photo-irradiation 

 The 3-mm diameter circular window was irradiated 
with green light and the entire irradiated segment includ-

ing the proximal end of the lenticulostriate branch 
became occluded by thrombi. Photo-irradiation with 

green light (wave length: 540 nm) was achieved by using 
a xenon lamp (L4887; Hamamatsu Photonics, 
Hamamatsu) with a heat absorbing filter and a green 

filter. The irradiation was directed by a 3-mm diameter op-
tic fiber mounted on a micromanipulator. The head of the 
optic fiber was placed on the window in the skull base at a 

distance of 2 mm above the vessel, providing an irradia-
tion dose of 0.62 W/cm2. The probe (1 mm in diameter) 

of a laser Doppler flowmeter (ALF 2100; Advance, 
Tokyo), which is an established instrument and suitable 

for this model, was placed on the proximal end of the 
MCA observed in the window for measuring the MCA 
local blood flow (Fig. 1). When a steady local blood flow 

baseline was obtained during photo-irradiation, rose Ben-

gal (20 mg/kg) was injected intravenously. Photo-irradia-

tion was continued for a further 8 min. The local blood 

flow in the MCA was continuously monitored for 15 min 
after rose bengal injection. The MCA was considered to 
be occluded when the local blood flow had completely 

stopped as indicated by the flow monitor. The time taken 
from the injection of rose bengal to the cessation of local 

blood flow was recorded as the MCA occlusion time. This 
was based on the condition that there was no reflow 
within one min after occlusion; otherwise, recording was 

continued until this condition was observed. In untreated 
animals (controls), no spontaneous reflow was observed. 
In treated animals, however, intermittent reflow follow-

ing occlusion was very rare. When the MCA local blood 
flow continued beyond the 15-min observation period, 

the occlusion time was taken as 15 min (maximum). In 

preliminary experiments, blood pressure, heart rate and 
arterial blood gas were not affected by the combination of 
rose bengal and green light, the operation procedures or 
injection of drugs. 

 In collaboration with Hamamatsu Photonics, we 
designed and developed the green light irradiation system, 

L4887. The light source is a short-arc type, Super-Quiet 
xenon lamp. This xenon lamp was chosen to achieve the



high brightness and stable light intensity necessary for ir-
radiating a small area. Light is prefiltered and concentrat-
ed by an elliptical reflector that has a special coating for 

efficient absorption of infrared and ultraviolet radiations. 
The remaining visible light is spectrally modified by filters 

to produce green light of band width 80 nm, centered at 
540 nm. Elimination of infrared and ultraviolet radia-
tions is essential as these can heat up and damage biologi-

cal tissues. To verify that the irradiation or photochemi-
cal reaction does not unphysiologically heat up the brain, 

in 4 animals, the temperature in the irradiated area near 
the MCA was measured with an implanted digital ther-
mometer probe (0.5-mm diameter; Inter Medical, 

Tokyo). 

Drug treatment 
 Various doses of the TXA2-receptor antagonist 

vapiprost (0.1, 0.3 and 1.0 mg/kg) and heparin at the 

dose of 1.2 mg/kg (187 units/mg dry powder) were in-
travenously injected 10 min before the injection of rose 

bengal. Clopidogrel (1.0, 3.0 and 10 mg/kg) was intra-
venously administered 2 hr before the injection of rose 

bengal. Argatroban was infused at 10, 30 or 100 pg/kg 

per minute beginning 15 min before rose bengal injection 
and was continued for the entire 15-min observation 

period after rose bengal injection. The activated partial 
thromboplastin time (APTT) was determined in the 

blood from rats treated with argatroban or heparin using 
an APTT test kit (Pathrombin; Behringwerke, Tokyo).

Statistics 
 All results are expressed as means±S.E. The groups 

were compared with the analysis of variance. If there was 

a significant difference, Dunnett's multiple comparison 
was used. A P value < 0.05 was considered as being sig-

nificant. 

RESULTS 

 Physiological parameters were within the normal range 

prior to rose bengal injection (mean arterial pressure: 
113±2 mmHg, Pot: 83.4±2.2 mmHg, Pco2i 40.3±0.6 
mmHg and pH: 7.41 ±0.01). During the irradiation 

period, the temperature in the irradiated zone increased 
by only 0.91C. However, the brain temperature fell by I 'C 
within 5 min after the cessation of photo-irradiation. 

 There was no significant difference in the MCA local 
blood flow before rose bengal injection among the differ-

ent groups (Table 1). A typical tracing of the MCA local 
blood flow is shown in Fig. 2. The MAC local blood flow 

transiently increased just after the rose bengal injection 
and did not change up to 4 min. The MCA was occluded 

completely by thrombus about 5 min after initiation of 
the photochemical reaction (Table 1). The brief increase 
in local blood flow just immediately before the precipi-

tous fall may be accounted for as follows: Just before 
occlusion, the vessel lumen at the irradiation segment 

becomes critically narrowed by thrombus. This can result 
in backflow due to a fall in local blood pressure immedi-

Table 1. Effects of vapiprost, clopidogrel, argatroban and heparin on the time for the thrombotic 
occlusion of the MCA, the MCA local blood flow before rose bengal injection and APTT

Data are expressed as means±S.E. *P<0.05 vs control group. The MCA local blood flow was 
measured before rose bengal injection. The time taken following rose bengal injection to the throm-
botic occlusion of the artery was designated the occlusion time.



Fig. 2. A typical tracing of the middle cerebral artery local blood flow recorded by the laser Doppler flowmeter. RB: injection 
of rose bengal.

ately distal to the stenotic site. 
 In this model, only the segment of the artery that is ir-

radiated with green light in the presence of rose bengal 
becomes occluded by thrombis (the site of photochemical 

reaction) (data not presented, K. Umemura et al.). 
Neither photo-irradiation nor rose bengal alone could 
induce thrombosis as was verified by monitoring local 

blood flow for up to 60 min during continuous photo-ir-
radiation and scanning electron microscopic observation 

of the vessel. 
 Vapiprost treatment significantly prolonged the time 

for arterial occlusion in a dose-dependent manner (Table 
1). At the doses of 0.3 and 1.0 mg/kg, vapiprost complete-
ly inhibited thrombus formation during the 15-min obser-

vation period following the photochemical reaction in 2 
and 4 out of 7 animals, respectively (2 groups, Fig. 3). 

Likewise clopidogrel significantly prolonged the occlu-

sion time in a dose-dependent manner (Table 1). At a 
dose of 10 mg/kg, clopidogrel completely inhibited 

thrombus formation during the 15-min observation 

period in 4 out of 7 animals (Fig. 4). When clopidogrel 
was intravenously administered and 2 hr later, blood was 
taken for the ex-vivo platelet aggregation test, there was a 
marked inhibition of ADP-induced platelet aggregation 

(data not presented, K. Umemura et al.). 
 At a dose of 30 pg/kg per min, argatroban significantly 

prolonged the MCA occlusion time; at 100 pg/kg per 
min, it completely inhibited thrombus formation dur-

ing the 15-min observation period in 4 out of 7 animals 

(Fig. 5). The APTT was also significantly prolonged by ar-
gatroban in a dose-dependent manner. However, hepa-
rin, which prolonged the APTT by a factor of 10, was 
without effect nuninct the MCA ncclncinn

Fig. 3. Effect of vapiprost on the middle cerebral artery thrombosis 

in rats. *P<0.05 vs control group.

Fig. 4. Effect of clopidogrel on the middle cerebral artery throm-

bosis in rats. *P <0.05 vs control group.



Fig. 5. Effects of argatroban and heparin on the middle cerebral artery thrombosis in rats. *P <0.05 vs control group .

DISCUSSION 

  In this study, thrombotic occlusion of the rat middle 
cerebral artery was achieved by photochemical reaction 

between rose bengal and green light that causes endo-
thelial injury followed by platelet adhesion to the damaged 

vessel and formation of a thrombus at the site of the 

photochemical reaction. Irradiation of the vessel in the 
absence of rose bengal was completely ineffective in in-
ducing thrombosis or altering local blood flow. Against 
the thrombotic occlusion of MCA, we tested three agents 

with different mechanisms of actions: vapiprost, a TXA2-
receptor antagonist; clopidogrel, which has the thieno-

pyridine structure of ticlopidine and is a more potent in-
hibitor of ADP-induced platelet aggregation than ticlopi-
dine; and argatroban, a specific thrombin inhibitor. The 

prolongation of the time required to achieve thrombotic 
occlusion of the MCA was used as an index of the anti-

thrombotic effect for each agent. All three preparations 
significantly slowed the occlusion of MCA, suggesting 
that platelet activation and thrombin generation contrib-

ute to the MCA thrombosis in this model. 
 It has been reported that platelets of the rat do not 

strongly aggregate by TXA2 in vitro (21). However, 
vapiprost, TXA2-receptor antagonist, inhibited platelet 
agrregation induced by collagen in whole blood (22) and 

was effective in the MCA thrombosis model. This sug-

gests that TXA2 may be involved in the thrombogenesis 
of the MCA in this model. 
 The thrombin inhibitor argatroban that prolonged the 

MCA occlusion time also significantly increased the 

APTT, but heparin that showed a striking effect in increas-

ing the APTT was ineffective against the thrombotic occlu-
sion of MCA. In line with our observation, several other 

investigators have also reported that thrombin has an im-

portant role in the formation of platelet-rich thrombi in 
arteries, but heparin has been ineffective in these models 

(18-20). The mechanisms of actions of argatroban and 
heparin on thrombin are, however, different. Heparin is 

well known to form a complex with plasma antithrombin 
III, and then this complex neutralizes thrombin. Ar-

gatroban, on the other hand, binds directly to the active 
sites of the thrombin molecule (23). Hanson and Harker 

(24) have shown that argatroban, which is a relatively 
small molecule, can diffuse into the thrombus and interact 
with thrombin that is bound to platelet receptors. Further-
more, the argatroban-thrombin complex binds to the 

high affinity functional thrombin receptors on platelets 
without initiating platelet activation (24). In contrast, 

high molecular weight fractions of heparin are known 

(25) to activate platelets, but fibrin II monomer (26) and 
platelet factor 4 (27) are known to inactivate heparin. 
However, it is not known to us if the concentration of 
fibrin II monomer and platelet factor 4 at the site of 

thrombogenesis in our model are high enough to neutral-
ize heparin. Our findings with argatroban suggest that 
thrombin may play an important role in the cerebral 

artery thrombosis in this model. Moreover, platelet aggre-

gation may contribute to the thrombogenesis more than 
blood coagulation in our model. 

 In conclusion, our observations with vapiprost, 

clopidogrel and argatroban suggest that thromboxane AD 
ADP and thrombin are involved in the thrombogenesis of 
the rat middle cerebral artery under the experimental con-



ditions we used. 
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