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ABSTRACT 

 

Platelet activation and subsequent aggregation play a key role in the 

pathogenesis of ischemic brain damage.  Recent studies revealed that enhanced 

platelet activation is also observed after ischemia, suggesting that the secondary 

thrombus formation might participate in the development of cerebral infarction.  The 

binding of platelet glycoprotein GPIIb/IIIa (integrin αIIbβ3) to fibrinogen is the final 

common pathway in platelet aggregation.  GPIIb/IIIa antagonists, therefore, might be 

useful in acute ischemic stroke as well as in the secondary prevention of ischemic 

stroke.  In the present study, we evaluated the effect of three compounds, FK419 

((S)-2-acetylamino-3-[(R)-[1-[3-(piperidin-4-yl) propionyl] piperidin-3-ylcarbonyl] 

amino] propionic acid trihydrate), a novel nonpeptide GPIIb/IIIa antagonist, ozagrel, a 

selective thromboxane A2 synthase inhibitor, and argatroban, a thrombin inhibitor, on 

middle cerebral artery (MCA) patency and ischemic brain damage using 

photochemically-induced MCA thrombosis model in guinea pigs.  FK419, ozagrel, or 

argatroban was administered 5 min after the termination of photoirradiation.  FK419 

dose-dependently improved MCA patency by decreasing the total occlusion time, 

time to continuous reperfusion, and the number of cyclic flow reductions, at doses that 

inhibited ADP-induced platelet aggregation ex vivo.  In contraxt, ozagrel only 
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improved total occlusion time and argatroban showed no improvement in MCA 

patency.  FK419 also reduced ischemic brain damage in a dose-dependent fashion, 

whereas ozagrel and argatroban did not.  Finally, FK419 ameliorated neurological 

deficits, whereas ozagrel and argatroban did not.  These results indicate that FK419 

ameliorates ischemic brain damage by improving MCA patency after occlusion, and 

that GPIIb/IIIa antagonists are promising interventions for the treatment of acute 

ischemic stroke. 
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Thrombotic cardiovascular disease involves a complex set of interactions by 

many factors, including platelet aggregation, the coagulation cascade, and 

vascular-wall constituents.  Platelet activation is enhanced following ischemic stroke 

(van Kooten et al., 1994; Grau et al., 1998; Zeller et al., 1999), leading to secondary 

thrombus formation and further expansion of the cerebral infarction (Figols et al., 

1987; Heye and Cervós-Navarro, 1996).  Furthermore, prolonged antiplatelet therapy 

can successfully prevent secondary vascular events following ischemic stroke 

(Antiplatelet Trialists’ Collaboration, 1994).  Recently, two major trials of aspirin in 

acute ischemic stroke revealed that early aspirin use produces a small but definite 

benefit (Chinese Acute Stroke Trial Collaborative Group, 1997; International Stroke 

Trial Collaborative Group, 1997; Chen et al., 2000).  Thus, antiplatelet therapies show 

promise in treating both acute and secondary ischemic stroke.  

The antiplatelet activity of aspirin is limited, however, because it inhibits only a 

single pathway of platelet activation.  In addition, aspirin reduces prostaglandin I2 

production in the endothelium, which might lead to decreases in cerebral blood flow 

(Bednar and Gross, 1999).  While this unfavorable effect is not shown by ozagrel, a 

selective thromboxane A2 (TXA2) synthase inhibitor, its antiplatelet activity is also 

limited because it only inhibits a single activation pathway.   

After platelet activation is triggered by a variety of agonists, a number of 
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events, such as shape change and a conformational change in platelet glycoprotein 

GPIIb/IIIa (integrin αIIbβ3), which is abundant on platelets and megakaryocytes, are 

induced.  Antagonism of GPIIb/IIIa is an attractive anti-platelet strategy because 

fibrinogen binding to activated GPIIb/IIIa is the final common step in platelet 

aggregation (Pytele et al., 1986), and GPIIb/IIIa antagonists suppress platelet 

aggregation induced by all known agonist stimuli (Cook et al., 1994; Collar et al., 

1995).  Since a wide variety of platelet activation pathways contribute to thrombus 

formation, a GPIIb/IIIa antagonist should provide more efficacious anti-thrombotic 

therapy than commonly available agents.   

Thrombin is a central bioregulator of coagulation and is therefore a key target 

in the therapeutic prevention and thromboembolic disorder.  Thrombin catalyzes the 

conversion of fibrinogen to fibrin and activate fibrin-stabilizing factor XIII and clotting 

factors that are necessary for prothrombin transformation.  Thrombin is also a potent 

activator of variety of cell events, including platelet aggregation, secretion and 

formation of TXA2, and contraction of smooth muscle.  Thrombin plays an important 

role in arterial thrombosis, and specific thrombin inhibitors, hirudin and argatroban, 

prevent reocclusion of canine coronary artery (Fitzgerald and Fitzgerald, 1989) and 

reduce the formation of microthrombi and ischemic lesions (Kawai et al., 1996).  

Argatroban is approved in the US and Canada for both prophylaxis and treatment of 
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thrombosis in patients with heparin-induced thrombocytopenia and in Japan and 

Korea for treatment of various thrombotic disorders. 

Photochemically-induced thrombosis models are widely used to examine the 

effects of antithrombotic agents (Umemura et al., 1993; Nishiyama et al., 1994; Kaku 

et al., 1998).  In these models, a photochemical reaction between rose bengal and 

transluminal light irradiation leads to endothelial injury followed by platelet adhesion, 

aggregation, and a formation of occlusive platelet rich thrombus at the irradiated site 

(Saniabadi et al., 1995).  Particularly in the thrombotic middle cerebral artery (MCA) 

occlusion model in guinea pigs, spontaneous reperfusion and repeated cyclic flow 

reductions (CFRs), which are caused by periodic generation of occlusive platelet 

thrombi, are observed after occlusion (Kawano et al., 1998).  Furthermore, the extent 

of brain damage can be attributed to CFRs and total patency time (Kawano et al., 

1998, 1999).   

Recently, FK419 ((S)-2-acetylamino-3-[(R)-[1-[3-(piperidin-4-yl) propionyl] 

piperidin-3-ylcarbonyl] amino] propionic acid trihydrate; Fig. 1), a novel nonpeptide 

GPIIb/IIIa antagonist, has been discovered in our laboratories.  FK419 is a selective 

GPIIb/IIIa antagonist that inhibits platelet aggregation in humen, dogs, guinea pigs 

with weak activity in prolongation of bleeding time in dogs.  In this report, we 

compared the efficacy of FK419, ozagrel, and argatroban in the guinea pig MCA 
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thrombosis model.   
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Materials and Methods 

 

Reagents: FK419 (anhydrate or trihydrate forms), argatroban and ozagrel (anhydrate 

form or HCl salt) were synthesized by Fujisawa Pharmaceutical Co., Ltd., Osaka, 

Japan.  FK419 was dissolved and diluted in saline for in vitro studies.  For in vivo 

studies, FK419 was used as an anhydride and also dissolved in saline.  An equal 

molar ratio of NaOH was added when ozagrel was dissolved in saline.  Argatroban 

was dissolved in 5% glucose containing 1.1 or 1.0 molar equivalent of HCl.  Drugs or 

saline were injected (i.v. bolus of 1.5 ml/kg) followed by infusion at 5 ml/kg/h.  The 

ratios of bolus and infusion dosages of testing drugs were decided to yeild the 

constant blood concentration faster.  Rose bengal was obtained from Wako Pure 

Chemical Industries (Osaka, Japan).  All other chemicals and solvents used were 

commercial products and of analytical grade.   

 

Animals: Male Hartley guinea pigs (342.2 – 626.2 g, SLC, Shizuoka, Japan) were 

used.  The animals were housed at least 1 week before the experiments.  They were 

maintained on 12-h light/dark cycle in a controlled temperature (23 ± 1°C) and 

humidity (55 ± 5%).  All animal experimental procedures were performed under the 

guidelines of the Animal Experiment Committee of Fujisawa Pharmaceutical Co., Ltd. 
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In vitro platelet aggregation studies: Blood samples were taken from male Hartley 

guinea pigs.  Blood was collected into 1:10 sodium citrate (3.8%, pH 7.4) and kept in a 

polypropylene tube.  Platelet-rich-plasma (PRP) was prepared by rapid centrifugation 

(Centrifuge Model: 5100, and Swing-rotor RS720, Kubota, Tokyo, Japan) of whole 

blood at 1200 r.p.m. for 10 minutes.  Platelet-poor-plasma (PPP) was prepared from 

the remaining blood by centrifugation at 3000 r.p.m. for 10 minutes.  The platelet 

aggregation assay was performed using either an NBS HEMA TRACER 801 T-4A 

(Nikobioscience, Tokyo, Japan) or MEBA-1 PAM-8T (Mebanix, Tokyo, Japan), 8 

channel aggregometers.  Light transmittance of PPP was calibrated as 100%.  PRP 

was incubated with test compound for 2 minutes in the aggregometer at 37°C.  

Platelet aggregation agonists (ADP (1 µM) or collagen (1 µg/ml)) were added and the 

change in a relative light transmittance was monitored as an aggregation curve for 7 

minutes (ADP) or 10 minutes (collagen) at 37°C.  Aggregation percentage was 

measured at maximum response during the observation period.  

Percentage-inhibition of aggregation in drug-treated samples was determined relative 

to aggregation in the control sample.   

 

In vitro coagulation time: Coagulation times of PPP were measured using an 
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automatic Coagulometer (CA-6000, Sysmex, Kobe, Japan), and recorded at 50% 

coagulation time.  Activated partial thromboplastin time (APTT) and prothrombin time 

(PT) were measured up to 600 seconds. 

 

Ex vivo platelet aggregation studies: Male Hartley guinea pigs were anesthetized 

with isoflurane (2% for induction; 1% for maintenance) in a mixture of air and 30% O2.  

A catheter was inserted into the left jugular vein for the administration of drugs.  After 

recovery from anesthesia, FK419 or ozagrel was administered to four or five animals 

in each group.  Saline was given to control animals at the same volume.  Blood 

samples were collected into 3.8% sodium citrate from the abdominal aorta 5 minutes, 

1 hour or 3 hours after dosing of FK419 or 1 hour after dosing of ozagrel.  PRP and 

PPP were prepared and ADP- or collagen-induced platelet aggregation was 

measured using a NBS HEMA TRACER 801.   

 

Measurement of thromboxane B2 (TXB2) production: The ability of ozagrel to 

inhibit ex vivo production of TXB2, a stable degradation product of TXA2, was 

evaluated following collagen-induced platelet aggregation or whole blood coagulation.  

Immediately after collagen-induced platelet aggregation, response was terminated by 

the addition of a tenth volume of ice-cold stop solution (1.9% EDTA-2Na, 0.07% 
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indomethacin, 0.76% NaCl and 5% ethanol (pH 7.4)).  The assayed supernatant was 

obtained by centrifugation at 6000 ×g for 5 minutes at 4°C and stored at -20°C.  For 

whole blood coagulation, blood samples collected into a polypropylene tube were 

immediately incubated at 37°C for 1 hour.  Serum was then separated by 

centrifugation at 6000 ×g for 5 minutes at 4°C and stored at -20°C.  Concentration of 

TXB2 was measured by an enzyme immunoassay kit (RPN220, Amersham 

International plc, Buckinghamshire, England) after extraction of TXB2 (Amprep C2, 

Amersham International plc, Buckinghamshire, England).  

 

Ex vivo coagulation time: Sixty minutes after initiation of argatroban administration, 

animals were anesthetized with ether and their blood was drawn from the abdominal 

aorta into a plastic tube containing 3.8% sodium citrate.  PPP was prepared and 

coagulation times were measured as described above. 

 

Photochemically-induced MCA occlusion model: The left MCA was 

photochemically occluded according to the method of Kawano et al. (1998).  Briefly, 

animals were anesthetized with isoflurane (2% for induction; 1% for maintenance) in a 

mixture of air and 30% O2.  A catheter for the administration of drugs or rose bengal 

was inserted into the left jugular vein.  After a left temporal incision, the temporal 
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muscle was removed by an electric cauterizer.  A subtemporal craniotomy was 

performed using a dental drill under an operation microscope to open a 

6-mm-diameter oval bony window.  The main trunk of the MCA was observed without 

cutting dura matter.  The head of a 3-mm-diameter optic fiber mounted on a 

micromanipulator was placed on the MCA segment proximal to the olfactory tract for 

photoirradiation.  A pulsed Doppler flow probe (HHP-20; Crystal Biotech, Northboro, 

MA) connected to a pulsed Doppler flowmeter (PD-20; Crystal Biotech, Northboro, 

MA) was placed on the distal part of the MCA to measure blood flow until end of drug 

administration.  Photoirradiation was conducted using a xenon lamp (L2859-03; 

Hamamatsu Photonics, Hamamatsu, Japan) with a heat absorption filter and a green 

filter.  When a stable baseline blood flow was obtained, rose bengal infusion (20 

mg/kg for 6 minutes) and photoirradiation with green light (wave length 540 nm, 

intensity 600,000 lux for 10 minutes) were simultaneously started.  The MCA was 

considered occluded when blood flow had completely stopped.  Dosing of FK419, 

ozagrel or argatroban for 3 hours was started 5 minutes after the end of 

photoirradiation.  Saline was given to control animals at the same volume.  Body 

temperature was maintained at 38°C by a heating pad during the surgery and 

administration.  After drug administration, the skin incision was closed, and animals 

were allowed to recover from anesthesia.  The following parameters were measured 
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to evaluate MCA blood flow during drug administration:  (A) The number of times that 

MCA blood flow was not detected after initial recanalization (Number of cyclic flow 

reductions, CFRs);  (B) Sum of time intervals during which MCA blood flow was not 

detected (Total occlusion time);  (C) Time when CFRs were no longer observed (Time 

to continuous reperfusion);  (D) Time to first reperfusion after drug administration.  A 

typical recording and quantitative analysis of MCA blood flow is presented in Fig. 1.  

Animals were examined for neurological deficits 24 hour after photoirradiation with a 

slight modification of the method of Bederson et al. (1986).  Briefly, circling, forelimb 

paralysis, hindlimb paralysis and resistance to lateral push were scored as follows: 0 

(normal), 1 (slight to moderate deficit), 2 (severe deficit).  The sum of each score is 

represented as the total neurological score. 

For analysis of ischemic brain damage, animals were sacrificed 24 h after 

photoirradiation by cardiac perfusion with saline under sodium pentobarbital 

anesthesia (50 mg/kg, i.p.), and their brains were removed.  The brain was coronally 

sectioned and stained with 1% 2,3,5-Triphenyltetrazolium chloride (TTC, Hayashi 

Pure Chemical Industries, Ltd., Osaka, Japan) at 37°C for 10 minutes.  TTC-stained 

sections were photographed and brain damage was calculated using image analysis 

software (NIH image, v1.61, Bethesda, MD).   
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Physiological variables: In another set of experiments, physiological variables were 

monitored in FK419-treated, MCA occluded animals.  Animals were prepared as 

above, except for insertion of a catheter into the left femoral artery for the 

measurement of blood pressure and blood sampling.  Dosing of FK419 for 3 hours 

was initiated 5 minutes after the end of photoirradiation.  Saline was given to control 

animals at the same volume.  Arterial blood pressure and heart rate were recorded 

until the end of drug administration.  Arterial blood (210 µl) was collected immediately 

before, 1 and 3 hours after photoirradiation to analyze blood gases, hematocrit, total 

hemoglobin and blood glucose (ABL615; Radiometer Medical A/S, Copenhagen, 

Denmark).  Temporal muscle temperature was monitored as an index of brain 

temperature. 

 

Statistical analysis: Values are expressed as the mean ± S.E.M.  In biochemical 

experiments, IC50 values were calculated.  All data from in vivo studies except for 

platelet aggregation and neurological deficits were evaluated by one-way ANOVA 

followed by Dunnett’s multiple comparison test.  Kruskal-Wallis test followed by 

Dunnett’s multiple comparison test was used for platelet aggregation and neurological 

deficits.  A P value less than 0.05 was considered significant. 
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Results 

 

In vitro inhibition of platelet aggregation: FK419 dose-dependently inhibited ADP- 

and collagen-induced platelet aggregation in vitro.  IC50 values for inhibition of ADP 

and collagen were 380 ± 28 and 920 ± 32 nM, respectively.  In contrast, ozagrel and 

argatroban did not inhibit ADP- and collagen-induced aggregation at concentrations 

up to 100 µM.   

 

In vitro inhibition of coagulation time: Argatroban concentration-dependently 

prolonged PT and APTT with two-fold prolongation concentration of 810 ± 44 and 

1300 ± 60 nM, respectively.  On the other hand, FK419 or ozagrel had no effect on PT 

or APTT at concentrations up to 100 µM. 

 

Ex vivo platelet aggregation, production of TXB2, and coagulation time: FK419 

dose-dependently and consistently inhibited ADP-induced platelet aggregation at 

each time point and at all doses tested (Table 1).  Platelet aggregation was inhibited 

around 50% at 0.03 mg/kg + 0.1 mg/kg/h.  Almost complete inhibition was achieved at 

a dose of 0.12 mg/kg + 0.4 mg/kg/h.  In another experiment, FK419 at doses of 0.009 

mg/kg + 0.03 mg/kg/h showed approximately only 10% inhibition of ADP- and 
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collagen-induced platelet aggregation (data not shown).  Ozagrel did not inhibit 

platelet aggregation induced by ADP or collagen, but did significantly reduce TXB2 

production at a dose of 30 mg/kg bolus + 100 mg/kg/h infusion for 1 hour (Table 2).  

Argatroban significantly prolonged APTT and PT (about 8-fold at 18 mg/kg + 60 

mg/kg/h).   

 

Antithrombotic effect of FK419, ozagrel, and argatroban: MCA blood flow 

decreased to zero approximately 5 minutes after photoirradiation in all groups (Fig. 2).  

We observed spontaneous reperfusion following the primary occlusion, and 

subsequent periods of reperfusion and reocclusion (CFRs; Fig. 2), regardless of the 

treatment group.  After repeated CFRs, MCA were completely reperfused.  FK419 

dose-dependently reduced the number of CFRs, with significance at 0.03 mg/kg + 0.1 

mg/kg/h (Fig. 3).  FK419 also significantly shortened total occlusion time and the time 

to continuous reperfusion at the same dose.  Although not significant, FK419 

treatment also decreased the time to first reperfusion.  Although ozagrel significantly 

shortened total occlusion time at all doses tested, there were no significant effects on 

number of CFRs, time to continuous reperfusion and time to first reperfusion (Fig. 4).  

Similarly, no improvement in MCA patency was observed with argatroban treatment 

(Fig. 5). 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 21, 2003 as DOI: 10.1124/jpet.103.058073

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #058073 

19 

 

Effects of FK419, ozagrel, and argatroban on ischemic brain damage: There 

were no significant changes in physiological parameters measured at any time-points 

in FK419-treated animals (Table 3). 

TTC staining of brain sections revealed that vehicle-treated animals 

sustained consistent cortical and subcortical lesions (Fig. 6A).  FK419 reduced the 

lesioned area in a dose-dependent fashion (Fig 6B and 7A), with significance in total 

area (cerebral cortex + striatum) and cerebral cortex at 0.03 mg/kg + 0.1 mg/kg/h and 

higher.  Percent reductions in ischemic brain damage in total and cerebral cortex were 

as follows: 0.009 mg/kg + 0.03 mg/kg/h, 19% and 18%; 0.03 mg/kg + 0.1 mg/kg/h, 

32% and 36%; 0.06 mg/kg + 0.2 mg/kg/h, 47% and 42%.  In contrast, ozagrel did not 

significantly reduce brain damage, and argatroban actually tended to aggravate brain 

damage (Fig 7B, C).  FK419 treatment (0.03 mg/kg +0.1 mg/kg/h and above) tended 

to improve total neurologic score (Fig 8).  Significant improvement of forelimb 

paralysis was observed at 0.06 mg/kg bolus + 0.2 mg/kg/h infusion for 3 h.   
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Discussion 

 

The final step in platelet aggregate formation is mediated by GPIIb/IIIa.  We 

have recently discovered FK419, a novel non-peptode GPIIb/IIIa antagonist, which is 

a broad inhibitor of platelet aggregation, regardless of the agonist used to induce 

aggregation, with weak activity in prolongation of bleeding time in dogs (Mihara et al., 

unpublished observation).  Furthermore, FK419 does not affect agonist-directed 

intracellular calcium mobilization in platelets (Honda et al., unpublished observation), 

suggesting that it does not directly alter platelet activation but elicits anti-aggregatory 

effects via GPIIb/IIIa antagonism.  The ability of FK419 to inhibit converging platelet 

aggregation pathways is a major advantage compared to other clinically available 

anti-thrombotic compounds, such as aspirin and ozagrel, which only inhibit a single 

pathway and thus show limited efficacy.   

We chose to use a photothrombotic occlusion model to determine the in vivo 

efficacy of FK419.  This model provides a robust and reproducible platform in which 

the extent of brain damage reportedly correlates well with number of CFRs and total 

MCA occlusion time (Kawano et al., 1998, 1999).  Consistent with these reports, we 

observed spontaneous reperfusion and continuous CFRs after MCA occlusion.  CFRs 

are putatively caused by periodic acute occlusive platelet thrombi, and similar 
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phenomena have been reported in various species (Nishiyama et al., 1994; Kaku et 

al., 1998; Kawano et al., 2000), including humans (Folts et al., 1982).  In the current 

studies, the parameters of MCA blood flow were somewhat variable in three 

experiments, especially time to first reperfusion and number of CFRs.  The individual 

analysis revealed that total occlusion time was relatively well correlated with the brain 

damage.  However, the correlation was not high enough to draw definitive conclusion 

to predict brain damage.  Therefore, other parameters might also contribute to the 

brain damage.  Further studies are needed to clarify the relationships of MCA blood 

flow and final outcome in brain infarctions in this model.  In spite of these, as total 

occlusion time and the brain damage were relatively consistent in three experiments, 

it is reasonable to assume that comparison of the efficacies of three drugs should be 

justified. 

FK419 dose-dependently inhibited ADP-induced platelet aggregation ex vivo 

in guinea pigs and we set three doses of almost no inhibition, about 50% and 80% 

inhibition of platelet aggregation for evaluating its efficacy in stroke model.  It was 

found that FK419 dose-dependently reduced the number of CFRs and improved MCA 

patency.  Consistent with this improvement in MCA blood flow, FK419 decreased 

ischemic brain damage in a dose-dependent manner.  These results indicate that 

FK419 might ameliorate the development of ischemic brain damage (not only just 
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delay the progression) by preventing secondary thrombus formation after occlusion, 

while the measurements of brain damage at later time points are needed for better 

understanding of the mode of action of FK419.   

In addition to preventing CFRs, FK419 tended to decrease the time to first 

reperfusion, suggesting that FK419 might possess thrombolytic activity, in addition to 

its anti-aggregatory activity, and that this thrombolytic effect against a primary 

thrombus, in part, contributed to its improvement on MCA patency.  Thrombolytic 

activity of GPIIb/IIIa antagonists have been reported in coronal and femoral arteries 

(Mousa et al., 1994; Gold et al., 1997; Domanovits et al., 1998) and the mechanism of 

which is supposed to be related to platelet disaggregation (Mousa et al., 1994) and 

inhibition of plasminogen activator inhibitor-1 secretion (Tsao et al., 1997).  Although 

further studies are needed to clarify thrombolytic effect of FK419, such activity may 

provide additional benefits for the treatment of acute ischemic stroke.   

To elucidate the potential of FK419 as an agent for acute ischemic stroke, we 

compared the efficacy of FK419 with ozagrel, a clinically used TXA2 inhibitor, and 

argatroban, a thrombin inhibitor, in the same MCA thrombosis model.  In contrast to 

FK419, ozagrel did not inhibit platelet aggregation ex vivo, consistent with previous 

results (Kawano et al., 1999).  Lack of inhibition of platelet aggregation ex vivo with 

ozagrel is explained by prostaglandin endoperoxide accumulation, which can directly 
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stimulate TXA2 receptor on platelets (Mayeux et al., 1988), due to inhibition of TXA2 

synthase.  Accumulated prostaglandin endoperoxide, however, is rapidly converted to 

prostaglandin I2 (PGI2), a potent antiaggregatory and vasodilatory factor, by PGI2 

synthase in the presence of blood vessels (Kuzuya et al., 1986).  Thus, inhibition of 

TXA2 synthase by ozagrel might lead to suppress platelet aggregation in vivo.  TXB2 

generation is almost completely suppressed at clinical doses of ozagrel (Uyama et al., 

1985).  In our hands, ozagrel significantly inhibited TXB2 production at 30 mg/kg + 

100 mg/kg/h, a dose we subsequently used in the MCA occlusion model.  In contrast 

to FK419, ozagrel reduced only total occlusion time, demonstrating that occlusive 

thrombus formation in this model cannot be sufficiently prevented by TXA2 synthase 

inhibition.  However, ozagrel effectively reduced total occlusion time at 3 mg/kg + 10 

mg/kg/h, which was insufficient to significantly inhibit TXB2 production ex vivo, 

suggesting that ozagrel might exert its antithrombotic effect in vivo stronger than ex 

vivo, since in vivo situation, inhibition of TXA2 synthase might lead to PGI2 generation 

as stated above.  Consistent with the results of MCA blood flow, ozagrel did not 

significantly ameliorate ischemic brain damage.   

Under similar experimental conditions, argatroban scarcely affected MCA 

blood flow and did not reduce infarction, despite the fact that the same dose of 

argatroban prolonged coagulation parameters.  In fact, although this compound is 
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currently in clinical use, the effect of argatroban on arterial thrombosis is somewhat 

controversial. Argatroban was reported to ameliorate ischemic brain damage in a rat 

thrombotic (Kawai et al., 1996) and embolic models (Morris et al., 2001) with delay of 

coagulation parameters.  However, in other reports, argatroban did not ameliorate 

brain damage 24 hours after photochemical MCA occlusion despite reducing 

microthrombi formation for several hours (Kawai et al.,1995).  Argatroban had no 

effect on photochemically-induced thrombus formation at the site of endothelial 

damage in guinea pigs (Hirata et al., 1993).  The dose of argatroban examined in the 

present study was high enough to prolong the coagulation parameters, therefore, 

coagulation cascade may not play a central role in guinea pig arterial thrombosis 

induced by endothelial damage.   

Although direct evidence of the presence of CFRs in human cerebral arteries 

has not been reported yet, CFRs may be present in the acute phase of stroke, since 

rethrombosis after thrombolysis has been observed in human cerebral arteries (von 

Kummer et al., 1995; Wallace et al., 1997).  Therefore, inhibition of CFRs and 

improvement of brain circulation by GPIIb/IIIa antagonists are expected to prevent 

development of cerebral infarction in humans.   

In conclusion, FK419 effectively improved MCA blood flow and ameliorated 

ischemic brain damage, whereas ozagrel and argatroban minimally affected, 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on November 21, 2003 as DOI: 10.1124/jpet.103.058073

 at A
SPE

T
 Journals on M

ay 22, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET #058073 

25 

suggesting that GPIIb/IIIa antagonists would be an attractive intervention for the 

treatment of acute ischemic stroke.  We also found that FK419 was effective even if 

administered after the onset of ischemia, contrary to previous work where 

pretreatment of GPIIb/IIIa antagonists ameliorate ischemic brain damage by 

improving brain circulation (Kaku et al., 1997, 1998; Choudhri et al., 1998; Kawano et 

al., 1999; Abumiya et al., 2000).  Given that platelet-rich thrombi are a major factor in 

the failure of successful thrombolysis with rt-PA (Collen and Lijnen, 1991), FK419 may 

offer even better therapeutic benefits for rt-PA-resistant thrombi. Thus, while further 

studies are needed to define the therapeutic potential of FK419, we propose that 

FK419, a novel GPIIb/IIIa antagonist, shows promise as a therapy for acute ischemic 

stroke. 
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Figure Legends 

Fig. 1.  Chemical structure of FK419. 

 

Fig. 2.  Typical recording and quantitative analysis of MCA blood flow.  Open and 

dotted portions represent non-occluded (patent) and occluded status of MCA blood 

flow, respectively.  MCA blood flow was quantified during drug administration.  Drugs 

or saline were administered from 5 minutes after the end of photoirradiation for 3 

hours.  Time to MCA occlusion was approximately 5 minutes and not statistically 

different among the groups.  

 

Fig. 3.  Antithrombotic effect of FK419.  (A) Number of CFRs, (B) Total occlusion time, 

(C) Time to continuous reperfusion, and (D) Time to first reperfusion were evaluated 

using MCA blood flow.  FK419 was administered from 5 minutes after the end of 

photoirradiation for 3 hours.  Each column represents the mean ± S.E.M. of ten to 

eleven animals.  *P < 0.05, **P < 0.01 versus control (Dunnett’s multiple comparison 

test). 

 

Fig. 4. Antithrombotic effect of ozagrel. (A) Number of CFRs, (B) Total occlusion time, 

(C) Time to continuous reperfusion and (D) Time to first reperfusion were evaluated 
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from MCA blood flow. Ozagrel was administered from 5 minutes after the end of 

photoirradiation for 3 hours.  Each column represents the mean ± S.E.M. of nine to 

ten animals.  *P < 0.05 versus control (Dunnett’s multiple comparison test). 

 

Fig. 5. Antithrombotic effect of argatroban. (A) Number of CFRs, (B) Total occlusion 

time, (C) Time to continuous reperfusion and (D) Time to first reperfusion were 

evaluated from MCA blood flow.  Argatroban was administered at a dose of 18 mg/kg 

+ 60 mg/kg/h for 3 hours form 5 minutes after the end of photoirradiation.  Each 

column represents the mean ± S.E.M. of fifteen animals.   

 

Fig. 6.  Effect of F419 on brain damage 24 hours after photochemically-induced MCA 

occlusion.  Coronal brain sections stained with TTC show the extent of ischemic brain 

damage in (A) control and (B) FK419 (0.06 mg/kg + 0.2 mg/kg/h). 

 

Fig. 7.  Effect of FK419, ozagrel and argatroban on ischemic brain damage in guinea 

pigs 24 hours after photochemically-induced MCA occlusion.  FK419, ozagrel and 

argatroban were administered from 5 minutes after the end of photoirradiation for 3 

hours.  Each column represents the mean ± S.E.M. of ten to fifteen animals.  *P < 0.05, 

**P < 0.01 versus control (Dunnett’s multiple comparison test). 
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Fig. 8.  FK419 ameliorates neurological deficits in guinea pigs 24 h after 

photochemically-induced MCA occlusion.  FK419 was administered from 5 min after 

the end of photoirradiation for 3 hours.  Circling, forelimb paralysis, hindlimb paralysis 

and resistance to lateral push were scored as follows: 0 (normal), 1 (slight to 

moderate deficit), 2 (severe deficit).  Sum of each score represents total neurological 

score.  Each column represents the mean ± S.E.M. of ten to eleven animals.  *P < 

0.05 versus control (Kruskal-Wallis followed by Dunnett’s multiple comparison test). 
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Table 1  Inhibitory effect of FK419 on ADP-induced platelet aggregation ex vivo in 

guinea pigs 

 

Platelet aggregation (%) Dose 
(mg/kg + mg/kg/h for 3 hours) 

5 min 60 min 180 min 

Control 

0.03 + 0.1 

0.06 + 0.2 

0.12 + 0.4 

64.9 ± 4.4 (0.0) 

37.1 ± 4.8 (42.8) 

10.9 ± 4.2* (83.2) 

0.0 ± 0.0** (100.0) 

55.2 ± 1.4 (0.0) 

34.5 ± 2.8 (37.5) 

13.3 ± 7.9* (75.9) 

0.1 ± 0.1** (99.8) 

57.6 ± 3.2 (0.0) 

22.6 ± 5.9 (60.8) 

3.8 ± 2.6* (93.4) 

0.1 ± 0.1** (99.8) 

Ex vivo platelet aggregation was conducted with ADP (1 µM).  Values are expressed 

as the mean ± S.E.M. of five animals.  Values in parenthesis indicate % inhibition of 

platelet aggregation in comparison with that of control at each time point.  *P < 0.05, 

**P < 0.01 versus control (Kruskal-Wallis followed by Dunnett’s multiple comparison 

test). 
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Table 2  Inhibitory effects of ozagrel on platelet aggregation and TXB2 production ex 

vivo in guinea pigs 

 

Platelet 
aggregation (%)  TXB2 production (ng/mL) 

Dose 
(mg/kg + mg/kg/h for 1 h) 

ADP Collagen  
Collagen-induc

ed platelet 
aggregation 

Whole blood 
coagulation 

Control 
 

3 + 10 
 

30 + 100 
 

58 ± 3 
 

59 ± 4 
(-1.4) 
62 ± 1 
(-7.2) 

78 ± 1 
 

78 ± 1 
(0.2) 

79 ± 1 
(-0.8) 

 

33.1 ± 1.1 
 

34.2 ± 2.8 
(-3.4) 

14.7 ± 1.4 ** 
(55.6) 

382.9 ± 50.2 
 

287.0 ± 23.1 
(25.0) 

52.7 ± 5.0 ** 
(86.2) 

Blood samples were collected 1 hour after initiation of dosing.  Ex vivo platelet 

aggregation was initiated with ADP (1 µM) or collagen (1 µg/ml).  TXB2 was extracted 

from PRP aggregated with collagen or serum after whole blood coagulation.  TXB2 

production after collagen-induced platelet aggregation and whole blood coagulation 

were estimated as rate per 10 min and 1 h, respectively.  Values are expressed as the 

mean ± S.E.M. of four to five animals.  Numbers in parenthesis indicate % inhibition of 

platelet aggregation and TXB2 production in comparison with control.  **P < 0.01 

versus control (Dunnett’s multiple comparison test).  There were no significant 

differences in platelet aggregation among the groups (Kruskal-Wallis followed by 

Dunnett’s multiple comparison test).  
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Table 3  Physiological variables before and after FK419 treatment in 

photochemically-induced MCA occlusion model 

 

Item Control FK419 

Timing  (0.03 + 0.1) (0.06 + 0.2) 

%Change in mean  
blood pressure 
    before 
    1 h 
    3 h 
%Change in heart rate 
    before 
    1 h 
    3 h  
pH 
    before 
    1 h 
    3 h  
pCO2 (mmHg) 
    before 
    1 h 
    3 h  
pO2 (mmHg) 
    before 
    1 h 
    3 h  
Hematocrit (%) 
    before 
    1 h 
    3 h  
Total hemoglobin (g/dL) 
    before 
    1 h 
    3 h  
Blood glucose (mg/dL) 
    before 
    1 h 
    3 h  
Temporal muscle  
temperature (°C) 
    before 
    1 h 
    3 h  

 
 

0.0 ± 0.0 
5.5 ± 4.7 
8.8 ± 5.0 

 
0.0 ± 0.0 
1.7 ± 4.5 
6.7 ± 5.6 

 
7.317 ± 0.017 
7.380 ± 0.022 
7.391 ± 0.027 

 
44.7 ± 2.5 
44.2 ± 2.5 
45.0 ± 3.9 

 
122.5 ± 13.9 
135.3 ±  9.5 
116.5 ± 21.4 

 
40.4 ± 0.7 
37.4 ± 0.9 
34.8 ± 0.7 

 
13.1 ± 0.2 
12.2 ± 0.3 
11.3 ± 0.3 

 
183 ± 20 
144 ± 10 
151 ± 15 

 
 

36.2 ± 0.1 
36.3 ± 0.1 
36.7 ± 0.1 

 
 

0.0 ± 0.0 
6.4 ± 7.6 
-0.5 ± 2.2 

 
0.0 ± 0.0 
3.3 ± 3.5 
3.2 ± 3.5 

 
7.326 ± 0.015 
7.357 ± 0.008 
7.383 ± 0.006 

 
46.9 ± 2.3 
46.5 ± 2.0 
49.2 ± 2.7 

 
129.4 ± 10.9 
129.2 ±  5.7 
119.1 ± 14.0 

 
41.1 ± 0.9 
38.1 ± 0.8 
35.0 ± 0.4 

 
13.4 ± 0.3 
12.4 ± 0.2 
11.3 ± 0.1 

 
187 ± 21 
144 ±  7 
151 ±  7 

 
 

36.4 ± 0.2 
36.5 ± 0.1 
36.6 ± 0.1 

 
 

0.0 ± 0.0 
9.5 ± 5.7 
7.3 ±12.4 

 
0.0 ± 0.0 
4.0 ± 2.4 
6.5 ± 5.8 

 
7.334 ± 0.021 
7.346 ± 0.019 
7.397 ± 0.014 

 
48.1 ± 1.6 
44.9 ± 1.6 
46.1 ± 1.3 

 
124.8 ± 12.3 
144.0 ± 15.7 
121.5 ± 14.3 

 
41.5 ± 1.3 
40.5 ± 1.2 
35.8 ± 0.7 

 
13.5 ± 0.4 
13.2 ± 0.4 
11.6 ± 0.3 

 
197 ± 28 
151 ±  6 
146 ±  6 

 
 

36.3 ± 0.1 
36.1 ± 0.2 
36.6 ± 0.2 

FK419 was administered 5 minutes after the end of photoirradiation.  Values in 

parenthesis present bolus (mg/kg) and 3-hour infusion (mg/kg/h) dosages.  Values 

are expressed as the mean ± S.E.M. of five animal 
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