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AB Al
Using antithrombin 1I-dependent and independent thrombin inhibitors, we evaluated the
role of thrombin in (2) reocclusion after successful thrombolysis, and (b) intimal thickening
and stenosis induced i;y injury to a vessel wail. To accomplish this, two animal models were
developed in the rat. The first was a2 model of tissue plasminogen activator (tPA) induced-

thrombolysis, whereas the second was a carotid model of injury-induced stenosis.

In the rat model of tPA-induced thrombolysis, we compared the effects of heparin,
Doctor of Philosophy (1994) McMaster University, Hamilton, Ontario
hirudin, hirulog (a synthetic hirudin-derived peptide), and D-Phe-Pro-ArgCH,Cl (PPACK)
(Medical Sciences: Thrombosis & H is & Ath 1 is)
in doses that produced a 4-fold prolongation of the baseli ivated partial thromboplastin
time (APTT) with saline, in terms of their ability to accelerate thrombciysis and to prevent
Title: The Use of Direct Thrombi itors to Examine the Role of
Thrombin as 2 Mediator of (a) Reocclusion after ful Thrombolysi reocclusion. A thrombus rich in red cells and fibrin was formed in the distal aorta by a
and (b) Smooth Muscle Hyperplasia after Vessel Wall Injury in Animal Model
Systems. combination of vessel injury and stasis. Thrombolysis was induced with tPA (1 mg/kg bolus,
followed by 1 mg/kg/hr over 30 min.) and the rats were randomized to receive a
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concomitant 80 min. infusion of a thrombin inhibitor or saline. Blood flow and pre- and
Supervisors: Drs. Jack Hirsh and Jeffrey 1. Weitz post ic blood p were itored contil ly, and the time to clot lysis, the
duration of vessel patency, and the number of reocclusions were determined. Compared to
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saline, heparin had no significant effect on these variables. In contrast, hirudin, hirulog and
PPACK significantly (p<0.01) increased the percentage of time that the vessel remained
patent from 639 +7.7t0 90.7 £ 22,940 0.9, and 94.7 + 1.0% respectively, by significantly
(p<0.01) decreasing the number of reocclusions. The superiority of the ATII-independent
inhibitors over heparin supports the hypothesis that the limited effectiveness of heparin in

this setting reflects its inability to inactivate clot-bound thrombin. Compared to saline,
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hirulog and PPACK also significantly (p<0.02) accelerated the time to thrombolysis from
10.5 + 2.3 10 44 * 0.6, and 4.2 * 0.8 min,, respectively, whereas heparin and hirudin did not.
The ability of the lower molecular weight inhibitors of thrombin to accelerate lysis may
reflect their greater accessibility to clot-bound thrombin.

Hirudin, standard heparin, and low molecular weight heparin were compared with
saline in terms of their ability to prevent injury-induced stenosis in tke rat common carotid
artery. After balloon injury, animals were randomized 1o receive a one week course of
subcutaneous treatment with a thrombin inhibitor or saline. .All of the thrombin inhibitors
were given in concentrations that produced a continuous 6-fold prolongation of the baseline
thrombin clotting times, and 2-fold prolongation of the APTT. Two weeks after injury, the
animals were euthanized and the extent of stenosis was assessed by a combination of
quantitative angiography, resin casting, and planimetry.

Compared to saline, only low molecular weight heparin significantly (p< 0.01) inhibited
injury-induced stenosis as assessed by angiography (from 22.9 * 3.0% to 8.8 + 7.8%), resin
casting (from 46.7 £ 4.8% to 22.5 + 83%), and by planimetry (from 21.8 £ 3.4% to 113 &
2.1%).

These findings suggest that the inhibitory effects of low molecular weight heparin are

snd, d

P of its anti lant activity and do not reflect its ability to inhibit thrombin.

Instead, low molecular weight heparin may compete with surface-bound heparan sulfate for

degradation by heparitinase released from ivated platelets at sites of lar injury. By
maintaining the levels of heparan sulfate on smooth muscle cells, low molecular weight

heparin has an antiproliferative effect because heparan sulfate keeps these cells in a resting,
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nonsynthetic state. Although standard heparin can also compete with heparan suifate for
heparitinase, we used considerable lower concentrations of standard heparin than low
molecular weight heparin which may explain its failure to block stenosis.

In suﬁxmary, whereas thrombin appears to play a pivotal role in rethrombosis after

thrombolysis, our results suggest that it is not 2 major mediator of injury-induced stenosis.
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Figure 1. Regulatory isms limiting the ion of thrombus formation.

Fi-gure 2. Angiogram of the rat aorta illustrating the high-grade stenosis produced
by application of an external constrictor.
Figure 3. Histologic cross section of the occlusive thrombus which is rich in red
cells and fibrin.
Figure 4. Effect of thrombin inhibitors on the time to t-PA-induced thrombolysis.
The bars represent the means, whereas, the lines above the bars represent
the standard deviation of each mean. Hirnlog and PPACK significantly (p=0.02)
accelerate the time to t-PA-induced clot lysis.
Figure 5. Schematic representation of vessel patency throughout the 80 minute
observation period. Closed bars represent absence of blood flow, whereas
open bars reflect a patent vessel.
Figure 6. Effect of thrombin inhibitors on the percentage of time during the 80
minute observation period that the vessel remains patent. The bars represent the

means, whereas, the lines above the bars rep the dard deviation for each

mean. Hirudin, hirulog, and PPACK significantly (p<0.002) increased vessel
pater:cy, whereas heparin did not.
Figure 7. Effect of thrombin inhibitors on the number of reocclusions per hour that the

vessel remains patent. The bars represent the means, whereas, the lines above

the bars rep the standard deviation of each mean. Hirudin, hirulog and
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TABLE], Effect of one week therapy with saline, stdh, lmwh, and hirudin on stenosis and

intimal thickening in the injured common carotid artery at two week follow-up.
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PPACK significantly (p<0.05) reduced the number of reocclusions, whereas
heparin didn’t.

Figure 8. Effect of saline (0), heparin (e), hirudin @), hirulog (:5, and PPACK (=) on
the APTT. The individual symbols at each time interval represent the means,

t the bars dard errors of each mean.

P

Figure 9. Effect of a single subcutaneous injection of saline, heparin, low molecular weight
heparin, and hirudin on blood coagulation assays (APTT, TCT). Stdh,
Imwh, and hirudin significantly (p<0.05) elevated both assays, whereas saline
did not.

Figure 10. Evan’s blue staining of the injured and noninjured common carotid arteries. The
flow surface of the control nondenuded artery (R) is not stained, however, the
artery with denuded endothelium (L) is stained blue.

Figure 11. Scanning electron microscopic view of the flow surface of the common

carotid artery (A), 60 minutes after endothelial denudation (magnification
2500x), and (B) uninjured flow surface with intact endothelial cells for

comparison (iagnification 1250x). Denuded flow surface (A) is covered with

fibrin, and 1 y

clumps of p
Figure 12. Histologic cross-section of the left common carotid artery, 60
minutes after balloon injury shows partial rupture of the media (arrows) and
presence of a mural thrombus [Osmium staining, (A) magnification 40x and (B)
magnification 200x].

Figure 13. Angiogram of the common carotid arteries of the rat immediately after



balloon injury. The lumen of the injured carotid artery did not change

s diatel d

after d ion.

imr

Figure 14. Angiogram of the common carotid arteries two weeks after balloon injury. There
is 509 stenosis of the injured carotid artery (A) when compared to the uninjured
contralateral artery.

Figure 15. Effect of stdh, Imwh, hirudin, and saline treatment on injury-induced stenosis as
determined by A) angiography and B) resin casting, Only Imwh significantly
inhibited stenosis (p<0.05 by angiography and p<0.05 by resin cast) when
compared to saline treatment.

Figure 16. A resin cast of the common carotid arteries and aortic arch two weeks after

injury. A) The injured carotid artery (L) is stenotic when compared to the uninjured
contralateral artery (R).
Figure 17. Effect of stdh, lmwh, hirudin, and saline treatment on injury-induced intimal

thickening as assessed by measurements of cross-sectional area. Only Imwh

therapy signi ly (p<0.005) inhibited intimal thickening when compared to

saline treatment.

Figure 18. Rep ive histologic ction of the injured (A) and uninjured (B)
common carotid artery from the rat treated with saline for one week. Cross-

section was taken at the point of maximal is. (H: lin & eosin and

Movat's pentachrome staining, magnification 40x and 200x).

Figure 19. Effect of stdh, lmwh, hirudin, and saline on the cro! ional

area of media as determined by planimetry. None of the treatments had an effect

xvi
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on the cross-sectional area of the media.
Figure 20. Effect of stdh, Imwh, hirudin, and saline treatment on vasoconstriction

as assessed by planimetry. None of the agents had a significant effect on

vasoconstriction.
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HAPTER 1. GENERAL INTRQD! N

1.1 Reocclusion h ronary Artery following (A) Thre tytic Th in A
Myocardial Infarction (A and (B) Percutaneous Transluminal nary Angiopl
(PTCA)

Acute myocardial infarction (AMI) is the major cause of death in Western societies.
In a pivotal study, DeWood and associates (DeWood 1980) demonstrated that AMI is
usually caused by a coropary thrombus which occludes the infarct-related artery. The
occlusive thrombus usually occurs as a consequence of activation of the coagulation system
and platelets by exposure of blood to contents of the ruptured atherosclerotic plaque which
is rich in tissue factor and other thrombogenic material {Weiss 1989; Wilcox 1989; Zeldis
1972). Occlusive thrombosis in this setting occurs as a consequence of activation of these
blood constituents in combination with altered blood flow as a result of vascular narrowing
(DeWood 1980).

The goal of treatment of patients with AMI is to relieve the obstruction in the infarct-

related coronary artery as rapidly as possible to prevent the seq lae of ir ible isch

(GISSI 1986). If rapid patency is achieved and intained, there is imp in left
ventricular function (Magnani 1989; White 1989) and in short-term (Obman 1990; Hanson
1991; GISSI-2 1990; ISIS-2 1988) and long-term (ISIS-3 1992; The TIMI Research Group
1988) mortality.

The occluded coronary artery can be opened phar logically using tt lyti

agents (Hanson 1991; ISIS-3 1992; Magnani 1989; White 1989). Residual stenosis can also

VSMC....... Vascular smooth muscle cell
vWe....... Von Willebrand factor
bwt....... Body weight

Weight

Prothrombin
... ‘Thrombin

Van. Activated factor V
VL........ Factor VII

VIa...... Activated factor VIIL
. C— Factor IX

Activated factor X

Factor X1
D<) H— Factor XII

D < 11— Factor X1
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be relieved mechanically using percutaneous transluminal coronary angioplasty (PTCA)
(Hanson 1992). Although both techniques rapidly restore blood flow, their ultimate success
depends on maintaining patency of the re-opened artery. Acute reocclusion can occur after
patency is achieved by either pharmacologic (Ohman 1990; Ellis 1989; The TIMI Study
Group 1985; Topol 1987) or mechanical methods (Hanson 1992), thereby limiting the
success of these procedures. In addition. mechanical dilatation of the narrowed arterial
lumen is complicated by re-stenosis which occurs in 30% 1o 40% of cases within 3 to 6
months of the procedure, thereby limiting the long-term success of this treatment (Liu 1988;
Leimgruber 1986; Mata 1985).

There is i id that t bin plays 2 major role in both acute and chronic

reocclusion after phar logic thrombolysis and PTCA (Weitz 1990; Bar-Shavit 1989;
Bar-Shavit 1990; Wilcox 1992; Fuster 1992; Fuster 1992; Ip 1991). Thrombin is bournd to
Fbrin in the mural thrombus (Weitz 1990) or to exposed matrix proteins in the ruptured
atherosclerotic plaque (Bar-Shavit 1989) after thrombolysis or PTCA. This bound thrombin
remains enzymatically active and is protected from inactivation by blood-based thrombin
inhibitors. As a result, the surface-bound thrombin can locally amplify coagulation by
activating platelets and factors V and VIII, thereby promoting acute rethrombosis (Fuster
1992).

Re-stenosis after PTCA may also be mediated by thrombin (Bar-Shavit 1990; Wilcox
1992; Fuster 1992; Fuster 1992; Ip 1991). Injury to the intima and media caused by PTCA

triggers a p q of events, including vascular smooth muscle cell (VSMC)

proliferation, which results in intimal t ickening and progressi is (Fuster 1992; Ip
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1991). After deep vessel wall injury, thrombin binds to the exposed protein matrix and to

1.2 Mechanism of Acute Reocclusion after Successful Thrombolysis
overlying fibrin (Bar-Shavit 1989; Bar-Shavit 1990; Wilcox 1992). Thrombin bound to these

The thrombogenicity of 2 ruptured atherosclerotic coronary artery is affected by several
sites is protected from inactivation by its inhibitors and remains mitogenic for VSMCs

factors, including: the degree of plaque disruption and extent of exposure of blood to
(Bar-Shavit 1990; Wilcox 1992; McNamara 1992). It is likely that its mitogenic activity is

thrombogenic substances such as collagen and tissue factor, the severity of stenosis, and
mediated by binding to the thrombin receptor on VSMCs (Bar-Shavit 1990; Wilcox 1992;

disturbed blood flow, all of which contribute to activation of coagulation and platelets
McNamara 1992). In both rat and baboon experimental models, expression of the thrombin

(Fuster 1992; Fuster 1992). After a mural thrombus forms it perpetuates the thrombogenic
receptor on VSMCs (Wilcox 1992) is increased after PTCA and treatment with thrombin

process b it ins active thrombin which is protected from inactivation by fluid-

inhibitors can prevent or limit the development of late re-stenosis after PTCA (Clowes 1985; phase inhibitors (Weitz 1990). A variety of systemic risk factors also contribute 1o
Clowes 1986; Hanson 1992; Sarembock 1991). thrombogenesis (Fuster 1992; Fuster 1992). These include: high circulating levels of

Thrombin bound to fibrin (Weitz 1990) or o the extracelllar matrix (Bar-Shavit 1989) epinephrine induced by stress or smoking; increased levels of cholesterol and low density
is protected from inactivation by hepasin- ATIL This may explain why heparin is limited in lipoprotein (LDL) which result in the impaired release of endothelial-derived relaxing factor
its ability to prevent both acute reocclusion after thrombolytic therapy (Ohman 1990; Ellis

(EDRF); i d ions of type 1 plasmil i inhibitor (PAI 1) which

1989; 3 1 - i PT lis 1989). . . . . .
989; The TIMI Study Group 1985; Topol 1987) or late re-stenosis after 'CA (Ellis 1989). inhibits fibrinolysis; and increased levels of fibrinogen or factor VII which may contribute
though resi inactivati i thrombin is inhibited by ATIII- N
Although resistant to inactivation by heparin, surface-bound thrombin is inhibited by to accelerated clotting. Several factors are considered to be important in the pathogenesis
independent inhibitors such as hirudin and D-Phe-Pro-ArgCH,Cl (Weitz 1990). These

of rethrombosis after ful thrombolysis in patients with AMI (Fuster 1992; Fuster
findi i ility th T dent inhibit ight be ffecti
cings raise the possbilty that the ATl independent Inhiblors might be more effective 1992). First, the residual mural thrombus narrows the vessel lumen causing increased shear
than heparin in preventing acute reocclusion after thrombolytic therapy and PTCA and in

stresses which in turn facilitate the local activati and deposition of platelets (B: di
tin, - i thi ibility, we developed ani del
preventing late re-stenosis after PTCA. To test this possibility, we develope: animal models 1989; Lassila 1990). The mural thrombus also provides 2 powerful thrombogenic surface
of thrombolysis and angioplasty in rats, and

d ATIII-dependent (hepari Imwh,
v i (beparin and lmw) because thrombin that is bound to fibrin within the clot is enzymatically active and protected
with ATI-independent inhibitors (hirudin, hirudin fragments and D-Phe-Pro-ArgCH,Cl) from inactivation by the heparin-ATII complex. This would explain the smental

in terms of their ability to prevent acut lusion and late r¢ N . s as
n terms of thetr ability 1o prover! < observation that heparin is limited in its ability to inhibit thrombus growth. In contrast,
direct thrombin inhibitors (i.e. hirudin, hirudin fragments and PPACK) may be better than
s
6
heparin in certain clinical settings because, unlike heparin, these agents can access and

. localized vasoconstriction, and subsequent platelet adhesion and aggregation which can lead
inactivate clot-bound thrombin (Weitz 1990). Second, thrombolytic agents may themselves

1o thrombus formation (Chesebro 1987). The reasons why restenosis occurs in only 30 to
contribute to rethrombosis by enhancing platelet activation and stimulating thrombin

40% of patients after PTCA are not known (Detre 1988).
formation (Owen 1988; Fitzgerald 1988).

VSMC growth is regulated by a large array of biologic agents including: platelet derived
Based on these considerations thrombin appears to piay an important role in

growth factor (PDGF), endothelial cell growth factor (ECGF), fibroblast growth factor

I ion after phar logic thrombolysis, and its inactivation by effective thrombin

(FGF), smooth muscie cell derived growth factor (SMCDGF), interleukins-1 and -6,
inhibitors may prevent this event. This concept is supported by recent clinical studies which

transforming growth factor beta (TGF-beta), low density lipoproteins (LDL), angiotensin
have demonstrated that hirudin or hirulog are better than heparin at accelerating

1II (AGII), epinephrine, pinephrine in, neuropeptide substances P and K,
thrombolysis and preventing reocclusion when used in conjunction with t-PA or

endothelins, thrombin, leukotrines By, C,, and D, interacting with growth inhibitors such as
streptokinase (TIMI S Trial Group 1993, Lidon, 1993).

transforming growth factor beta (TGF-beta), heparin-like factors, EDRF, prostaglandin E,

prostacyclin, and interferon gamma. These mediators are released by a variety of cells such
1.3 Mechanism of Re-Stenosis after PTCA

as platel ph fibrobl 'VSMCs, and lymphocytes (Fuster 1992; Fuster 1992;
Ip 1991).

Since its first introduction by Gruentzig in 1977, PTCA has gained wide acceptance as

P

an alternative to surgical larization in selected pati with symptomatic coronary

Thrombin, which is generated at the site of angioplasty is a potent mitogen for VSMCs
artery disease (Gruentzig 1977). Compared to surgical revascularization (aorto-coronary

(Bar-Shavit 1990; Wilcox 1992; ) 1992) and fibroblasts (Carney 1986; Glenn 1980;
bypass), PTCA is not as invasive, has high patient acceptance, costs less and is relatively

Perdue 1981). Given the pivotal role of thrombin in coagulation, the role of thrombin in the
easier to perform. More than 90% of stenotic lesions can be successfully dilated with low

regulation of mitogenesis and vascular tone, aad the fact that thrombin bound to fibrin or
(2-5%) risk of acute thrombosis (Detre 1988). However, the procedure is limited by re-

subendothelial matrix is protected from inactivation by heparin but not by the direct
stenosis which occurs in 30 to 40% of patients within 6 months (Leimgruber 1986; Mata

t in inhibi it is ble to hypothesize that ATII-independent thrombin
1985). Human (Lee 1980; Biock 1981; Waller 1983) and animal (Faxon 1982; Block 1980)

inhibitors (such as hirudin and PPACK) may be better than heparin at reducing or
studies have demonstrated that PTCA causes stretching of the stenotic lesion, splitting of

preventing post-PTCA re-stenosis.
the plaque, endothelial desquamation, and dissection into the media. As a result, there is



1.4 VSMC Phenotypic Modulation and Tis Role in Post-PTCA Re-Stenosis

Normal VSMCs exist in a growth-arrested "quiescent” state, which is associated with low

levels of growth factors and 2 high content of contractile proteins (i.. alpha-actin, myosin) '

(Owens 1992). Following vascular injury (such as that caused by PTCA), alterations in gene
expression (e.g. c-myc) take place, resulting in conversion of VSMCs from a contractile to
a synthetic (excretory) phenotype characterized by an increase in excretory organelles (Golgi
apparatus, endoplasmic reticulum, ribosomes) and a reduction of contractile proteins
(Owens 1992). These stimulated smooth muscle cells migrate from the media into the
intima v;here 'they proliferate and produce extracellular matrix. This, in turn, leads to the

formation of 2 neointima which narrows the lumen of the vessel. Analysis of atherosclerotic

plaques has led increased ions of PDGF and PDGF-like molecules (Libby
1988; Wilcox 1988). Since PDGF is produced by VSMC, these findings suggest that the

VSMGs in plaques are in a synthetic stage (Simons 1993).

1.5 VSMC Proliferation
Angioplasty produces moderate to severe vessel wall injury which stimulates VSMC
migration and proliferation (Roubin 1988). Within a few minutes of injury, platelets and

white cells adhere to the vascular subendothelium (Stemerman 1973) and release (Libby

1988; Gerrity 1981) mitogens and mitog ic pr such as PDGF, basic fibroblast

growth factor (bFGF), epidermal growth factor (EGF), serotonin, prostanoids (such as

thromb A,), endotheli and other biologically active molecul (i.e. leukotrines)

(Fuster 1992). In addition, thrombin is generated on the surface of activated cells such as

8

platelets and endothelial cells. Furthermore, white cells (circulating and/or in the

atherosclerotic plaque) (Liebovich 1976) also release mitogens such as macrophage-derived

growth factor, interleukin-1 (Libby 1988), cy i h products

POXYES )%

and oxygen-derived free radicals (Rao 1990) which also stimulate VSMC growth.

1.6 VSMC Migration
Following balloon injury to the rat carotid artery, up to 50% of VSMCs migrate from
the media into the intima within 2 weeks (Clowes 1986; Clowes 1985). Migrating VSMCs

exhibit a secretory pk

pe. The precise mechanism of VSMC phenotypic modulation and
migration is not understood; however, PDGF has been implicated in both processes (Owens

1992).

17 Hypotheses

We hypothesized that: 2) thrombin is a major mediator of reocclusion after
thrombolysis and triggers re-stenosis following PTCA; b) inactivation of thrombin will
prevent both of these complications; and ¢) ATTl-independent inhibitors will be better then
heparin at blocking these processes.

To test these hypotheses we developed two rat models: (2) 2 model of tPA-induced

thrombolysis in the aorta, and (b) 2 ‘model of balloon injury-induced is in the

carotid artery.

2.1 Thrombin Structure

Thrombin is a serine protease, that cleaves peptide bonds at arginine residues. The
clotting enzyme is generated from its precursor prothrombin, a plasma protein synthesized
in the liver in a vitamin K-dependent process. Human prothrombin has three carbohydrate
side chains, contains 308 amino acid residues, and has 2 half-life time of 3 days. The plasma
concentration of prothrombin is approximately 1.4 1M, and about 10 % is converted to
alpha-thrombin during blood coagulation (Fenton 1988).

Factor Xa first cleaves prothrombin at residue 49, forming a two-chain, highly unstable
enzyme composed of an alpha-chain (49 residues) and a beta-chain (259 residues), linked
by a single disulphide bond. This enzyme recognizes its own alpha-chain as a substrate for

further cleavage at the arginine-13 position. The stable human alpha-thrombin consists of

only 36 residues in the alpha-chain and 259 residues in the bet hain (Downing 1975). The

chains are connected by a disulphide bridge (Fenton 1977; Gorman 1976).

Thrombin (which is also known as -thrombin) und autop lytic cl

thereby forming beta- and gamma-thrombin, both of which have markedly reduced clotting
activity because they are missing an exosite essential for fibrinogen recognition (Sonder

1986). Thrombin can also be cleaved by elastase or hepsi leased from

activated neutrophils, to produce epsilon and zeta forms with markedly reduced clotting
activity (Brover 1987). Although these modified thrombins have decreased clotting activity,
they retain mitogenic activity and may play a role in 2 variety of post-thrombotic events

(Fenton 1988).

CHAPTER 2. BACKGROUND ON THROMBIN
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“Thrombin converts fibrinogen to fibrin and activates factor XIII which then crosslinks

the fibrin to forin a stable clot (Fenton 1988; Fuster 1992). In addition, thrombin also

amplifies coagulation by activating p. lets and factors V and VIII (Fuster 1992).

Thrombin is regulated by a number of fluid-phase antiproteinases including ATHI,

heparin cofactor I, and & Jobulin. In addition, thrombin also is inhibited by binding

1o th b dulin, a ptor on the endothelial cell surface (Fenton 1988). Once bound

to th b dulin, t ibil d a conformational change which converts the

enzyme from a procoag to anticoagulant. Thus, when bound to thrombomodulin,

thrombin loses its ability to convert fibrinogen to fibrin and to activate platelets, factor V

and VIIL Instead, it acquires anticoagulant activity by i ing its ability to

protein C, which together with protein S (its cofactor) acts as an anticoagulant by
inactivating factors Va and VIIIa (Fenton 1988, Hanson 1993).

Thrombin also has a potential role in the lation of lar tone by stimulating

synthesis and release of EDRF (Ignarro 1989; Furchgott 1983; Vanhoutte 1989) and the

vasoconstricting endothelins (Moon 1989; Inoue 1989; Yanagisawa 1988; Sakurai 1990;

Anggard 1990; Spinella 1991) from endothelial cells, and hromt A, from activated
platelets (Coller 1990). Thrombin generated locally may be responsible for the
vasoconstriction that occurs in denuded dog coronary arteries (Brum 1984) and

atherosclerotic coronary arteries in mini: swine (Shimok 1983). Thrombin alone or

in conjunction with other growth factors has been reported to stimulate VSMC proliferation -

(Carney 1986; Bar-Shavit 1990; Wilcox 1992) and the proliferation of chick embryo
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fibroblasts in serum-free culture media (Chen 1975; Carney 1978). Thrombin also interacts 232 lati ¢ Thrombin B 10 Fibrin or Subendothelial Matri ?
with platelet membrane glycoprotein Ib (GPIb) (Hirsh 1993), although it is now clear that Although Secgers (Seegers 1945) demonstrate 4 that thrombin binds to fibrin many years
GPIb s not the platelet thrombin receptor- agé. confirmation of this phenomenon was delayed until 1979 (Liu 1979). More recent

The interaction of thrombin with components of the complement system has not yet studies indicate that thrombin binds to fibrin through a site distinct from its catalytic centre
been well established. There is some evidence that thrombin cleaves both C; and C (Hugh (Kaminsky 1987; Kaminski 1983; Berliner 1985). Clot-bound thrombin has been shown to
1977) and that the cleaved Cs fragment is chemotactic for pol h lear leuk

P Y

be protected from fluid-phase inhibitors (Weitz 1990; Hogg 1989). In buffer systems, the

. ATHI-heparin complex inactivates thrombin bound to fibrin monomer 300-fold less than free
231 Regulation of Free Thrombin in Circulation thrombin (Hoge 1989). More recently, Weitz et al. (Weitz 1990) have demonstrated that
Thrombin generated from prothrombin during blood coagulation is inactivated by a in 2 plasma system, thrombin bound to fibrin is enzymatically active despite the presence
number of parallel inhibitory mechanisms (Figure 1) (Fuster 1992). Free thrombin is of physiologic concentrations of antithrombins, an d that dlotbound thrombin is not
complexed and inactivated by ATIII, heparin cofactor II, alpha,-macroglobulin, and alpha,-

inactivated by heparin-ATII, but is itive to inactivation by antithrombin ATII-

antitrypsin. Binding to ATIII, heparin cofactor I, and alpha-antitrypsin is through covalent .y | L

dent

such as hirudin, hirugen, hirulog, or PPACK.

complexes, while binding to alpha, lobulin is non lent (Lanchantin 1966;

In addition to fibrin, thrombin also binds to subendothelial matrix where it is protected
M: 1976; 73; Lollar 1980). ATIIL is th i t inhibil f S - . . . .
atheson 1976; Rosenberg, 197; Lollar 1980) is the most important inhibitor o from inhibition by physiologic concentrations of antithrombin I (Bar-Shavit 1989).
thrombin (Hirsh 1993; Lollar 1980), while the other thrombin inhibitors play 2 relatively

Thrombin bound to subendothelial matrix can activate platelets and convert fibrinogen to
more minor role. However, there is evidence that ATHI is less effective at inhibiting fibrin, These findings suggest that like ts binding to fibriz, bin binds to subendothelial

thrombin that is bound to fibrin than free thrombin (Weitz 1990). ix through a site distinct from its catalytic centre (Bar-Shavit 1989),

Th endothelial cell surface furthy 1
P of hep : on the cell surtace er accelerates the The observations that thrombin bound to fibrin and to matrix is protected from
inhibitory activity of ATI (Lollar 1980). Thrombin also i with thrombomoduli

inactivation by antithrombin I provide support for an important role for thrombin in
located on the endothelial cell surface resulting not only in its inactivation (Esmon 1981)

rethrombosis after sful coronary t bolysis and in r is after pi
but also its enhanced ability to active protein C, which together with protein S (its cofactor), coronary angioplasty.
proteolytically inactivates factors Va and VIIIa (Hanson 1993). ’
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CHAPTER 3, ADJUNCTIVE THERAPY FOR THE PREVENTION OF

produces a conformational change at the active site which markedly accelerates the rate at
REOCCLUSION AFTER PHARMACOLOGIC FIBRINOLYSIS AND RE-STENOSIS

which ATIH inhibits the coagulation enzymes (Rosenberg 1987). This conformationally
AFTER PTCA

induced change is sufficient to explain how heparin accelerates the inhibition of factor Xa
A number of agents have been evaluated in terms of their ability to inhibit both

by ATIIL In addition to its effect on ATIIL, heparin also serves a template role as it
reocclusion after fibrinolysis and re-stenosis after PTCA. In this section, these agents will

increases the rate of thrombin inactivation by ATHIL Thus, by binding both thrombin and
be discussed focusing on their structure, mechanism of action, and results from experimental

ATII, heparin promotes their interaction. Heparin then dissociates from the enzyme-
and clinical studies.

inhibitor complex and can catalyze other ATI molecules (Rosenberg 1987).

Although the heparin-ATIII complex can inactivate a number of coagulation enzymes
3.1 Heparin

(Rosenberg 1987), recent studies in plasma suggest that the major mechanism by which
Heparin was discovered in 1916 (McLean 1916), and after over S0 years of controversy

heparin blocks coagulation is by catalyzing the inhibition of thrombin (Ofosu 1989; Beguin

the chemical structure responsible for its anticoagulant activity was clarified (Casu 1989;
1988). Thrombin plays a central role in h is and tk b is. It

Casu 1985). Heparin is 2 sulfated polysaccharide consisting of 1-4 linked residues of uronic

platelets and so induces their aggregation, it converts fibrinogen to fibrin, and activates
acid and D-glucosamine (Casu 1989). Commercial heparin is a heterogeneous mixture of

factor XIII which then stabilizes the fibrin strands. Thrombin also amplifies coagulation by
molecules with a molecular weight which ranges from 3,000 to 30,000 (Hirsh 1991) and 2

activating factors V and VIII, thereby accelerating both the generation of prothrombinase
mean molecular weight of 15,000. Only one-third of heparin molecules have the unique

and the subsequent activation of prothrombin. By preventing thrombin-mediated activation
pentasaccharide which is a necessary requirement for binding to anti-thrombin III (Lam

of factors V and VIII, heparin blocks the feedback amplification of coagulation that is
1976).

initiated by thrombin (Ofosu 1987). This amplification step is important in thrombogenesis

b one thrombil lecule is able to lyze the g ion of many th d
3.1.2 Mechanism of Action of Heparin on Coagulation
thrombin molecules. Thus, the inhibition of bin generation and thrombin activity is
Heparin acts as an anti Jant by catalyzing the inactivation of the lati )
the key to the prevention and treatment of both fibrin-dependent and platelet-depend
enzymes, thrombin, activated factor X (factor Xa) and activated factor IX (factor IXa) by

thromboembolic disorders.
antithrorbin IiI (ATII) (Rosenberg 1987). Upon binding to lysine sites on ATIII, heparin



3.1.3 Limitations of Heparin
The limitations of heparin are based on its pharmacokinetic, biophysical and
antihemostatic properties. The pharmacokinetic limitations are based on its binding to

plasma proteins and endothelial cells which result in reduced recovery and a complicated

hanism of cl Biophysical limitations occur because the heparin-ATIII complex

is unable to access and inactivate a) factor Xa in the prothrombi lex, b) thrombi

P

bound to fibrin, and c) thrombin bound to subendothelial surfaces. The antihemostatic
limitations are caused by a poorly defined inhibitory effect of heparin on platelet function.

The limitations related to the pharmacokinetic and antihemostatic properties of
heparin are not shared by the low molecular weight heparins (Imwhs) and heparinoids, while
the limitations caused by the lack of accessibility of the heparin-ATII complex to fibrin-

bound thrombin and factor Xa are overcome by several new classes of ATHI-independent

thrombin and factor Xa inhibitors.

3.1.4 Heparin Pharmacokinetics
The mechanisms of heparin cl are complex. Heparin binds to 2 number of

plasma proteins other than ATIH (Lindahl 1978). Thus, these proteins compete with ATII
for heparin binding, thereby limiting the recovery of anticoagulantly active heparin. There

is evidence that binding of heparin to plasma proteins contributes to the variability of

1. h

P patients and to the heparin resistance seen in some patients

with thromboembolic disorders (Hirsh 1976).

Heparin is cleared by 2 rapid phase of elimination followed by a more gradual

17
Xa that is generated on the platelet surface is protected from inhibition by heparin-ATIII

(Marciniak 1973; Walker 1979). Second, platelets release the heparin-neutralizing protein,
platelet factor 4 (Lindahl 1978). Fibrin and its degradation products (monomers) binds
thrombin and protects it from inactivation by heparin-ATII (Hogg 1989; Weitz 1990). As
a consequence, much higher concentrations of heparin are needed to inhibit thrombin bound
to fibrin than is required to inactivate the free enzyme (Weitz 1990). Thrombin also binds
to subendothelial matrix proteins where it is also protected from inhibition by heparin
(Bar-Shavit 1989). These observations may explain why heparin is less effective than the
AT-independent thrombin and factor Xa inhibitors at preventing thrombosis in
experimental animals (Heras 1989; Agnelli 1990).

Heparin also inhibits platelet function, increases vascular permeability and increases
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disappearance which can best be explained by a combination of a saturable and a non-
saturable, first-order mechanisms of clearance (DeSwart 1982). The saturable phase of
heparin clearance is thought to be the result of heparin binding to receptors on endothelial
cells and macrophages. Once bound, the heparin is internalized, depolymerized, and
metabolized into smaller, less sulfated derivatives (Glimelius 1978; Mahadoo 1977). When

heparin binds to platelets, it displaces platelet factor 4 which can then inactivate circulating

heparin (Dawes 1978). The slower, non- bl hanism of heparin ck probably
reflects renal excretion. At therapeutic concentrations, a ‘major proportion of the heparin

is cleared by the more rapid saturable mechanism (DeSwart 1982).

This pl hanism of heparin cl plains why the app biologic
half-lives of heparin increases from 60 to 100 to 150 minutes with intravenous boluses of

100, 200, and 400 units/kg of heparin, respectively (Olsson 1963). Heparin has decreased

ilability when admini d sub ly in low doses, but has approximately 90%

ilability when ini d in high therapeutic doses (eg. 35,000 units/24 hours)

(Walker 1987). The reduced bioavailability of heparin, when it is administered

N 1 b

occurs as heparin gradually enters the circulation from the

subcutaneous depot site, it binds to plasma proteins and is rapidly cleared by the saturable

ot G s

g in

d plasma levels and a delay in achieving a steady state.
The other potential limitations of heparin relate to the observations that the
anticoagutant effect of heparin is modified by platelets, fibrin, vascular surfaces as well as

plasma proteins. Platelets liniit the anticoagulant effect of heparin in two ways. First, factor
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of the cell eycle (Castellot 1985; Wright 1989; Castellot 1987). A number of mechanisms for

the antiproliferative effect of heparin on VSMCs have been proposed. These include: the

inactivation of mitogens in plasma or the pr ion of the ir jon of mi with

their receptors on the cell surface (Reilly 1986); inhibition of platelet function and PDGF
release; inhibition of the mitogenic effect of thrombin on VSMCs; displacement of

thrombospondin from pericellular matrix (bound thromb din regulates PDGF ft

while nonbound thrombospondin does not) (Majack 1985; Majack 1988; Majack 1986);
inhibition of DNA synthesis (Reilly 1986; Wright 1989); stimulation of VSMCs to synthetize

a protein which inhibits VSMC proliferation (Cocchran 1985; Castellot 1985); and

inhibition of degradation of heparan sulphate by heparitinase released from

experimental microvascular bleeding (Casu 1985; Ofosu 1986; Blajchman 1989; Fernandez
1986).

3.1.5 Mechani f Action of rin on Smooth Muscl Prolife

VSMC accumulate in the arterial intima and form an important component of naturally

occurring atherosclerosis and of post-PTCA re-stenosis (Dartsch 1989). Over the last two
decades, a number of in vitro (Hoover 1980; Benitz 1986; Cocchran 1985; Castellot 1984;
Castellot 1985; Reilly 1986) and in vivo (Clowes 1985; Clowes 1986; Wilson 1991; Dryjski

1988; Guyton 1980) studies have demonstrated that heparin and its low molecular weight

dulate the path is of intimal thickening by inhibiting VSMC proliferation.

Heparin and heparan sulphate arrest 'VSMCs proliferation between the Go/G, and § phase

platelets (Castellot 1987; Wright 1989; Fritz 1985). This latter proposed mechanism is based
on the following observations: 1) heparin and heparan sulphate have similar inhibitory
effects on VSMC proliferation (Castellot 1981; Castellot 1987; Castellot 1990; Benitz 1990)

and both endothelial (Benitz 1990; Castellot 1982) and VSMCs (Gamse 1978; Wight 1975)

hesize hep iphate; 2) confl VSMC synthesize more hep Iphate than
exponentially growing cells (Fritz 1985); and 3) heparan sulphate-containing media
conditioned with flavobacterium heparitinase display heightened sensitivity of VSMCs to
mitogens and growth promoters (Castellot 1981). Furthermore, activated platelets and
monocytes release heparitinase (Wright 1989; Oldberg 1980; Castellot 1982).

During vascular injury, adherent platelets and white cells at the site of injury release

heparitinase which in turn degrades heparan sulphate on the surface of VSMC. Asa result,

the VSMC are more ptible to mitogens and growth p which stimulate the cells
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to proliferate and migrate. It may be that administration of exogenous heparin during
vascular injury competes with heparan sulphate as a substrate for heparitinase degradation
and therefore acis to maintain VSMCs in the "quiescent”, nonproliferative state (Bar-Ner
1987).

Thrombin is mitogenic for a variety of cells including VSMCs (Chen 1975; Bar-Shavit
1990; Wilcox 1992) but its involvement in VSMC proliferation following angioplasty is

uncertain (Hoover 1980; Castellot 1984; Guyton 1980). The observation that non-

o 1
ant

heparin fi are as effective as heparin with anticoagulant activity in
inhibiting VSMC proliferation argues against a role for thrombin as a inducer of smooth
muscle proliferation (Hoover 1980; Castellot 1984; Guyton 1980; Wright 1989; Pukac 1991).
In addition, Hoover and associates (Hoover 1980) reported that plasma depleted of ATIIl
and supplemented with heparin prevented VSMC proliferation. Heparin fragments which
contain at least five sugar units but which lack anticoagulant activity have antiproliferative
properties (Castellot 1984; Wright 1989). O- and N-sulfation are important for this property,
since totally desuifated heparin loses most of its 'VSMC antiproliferative activity (Castellot
1984). Other glycosaminoglycans including dermatan sulphate, hyaluronic acid and
chondroitin 4- and 6-sulphate failed to inhibit VSMC proliferation when compared to
heparan sulphate (Castellot 1981; Fritz 1985).

In contrast to the observations listed above, recent experimental studies re-examined
the role of alpha-thrombin in VSMC mitogenesis and the results suggest that when alpha
thrombin is bound to its receptor on VSMCs it stimulates their proliferation (Bar-Shavit

1990; Wilcox 1992). Whether the catalytic activity of thrombin is necessary for its stimulatory

32 Aspirin
Aspirin is an effective antithrombotic agent which acts by irreversibly inhibiting the
enzyme cyclo-oxygenase (Burch 1978; Majerus 1983; Roth 1975) thereby blocking the

conversion of arachidonic acid in platelets to pr landin-endc ide precursors of

P

thromboxane-A, (TXA,). In vascular wall cells, aspirin inhibits the conversion of arachidonic

acid to prostaglandin I, (PGL,) (Majerus, 1983; M da 1978; M da 1979; My d

1979; Weksler 1983; Patignani 1982; Fitzgerald 1983; Preston 1981; Kyrle 1987). TXA,
induces platelet aggregation and vasoconstriction while PGI, inhibits platelet aggregation
and induces vasodilation (Moncada 1978). Thus, aspirin has the potential to be
antithrombotic by blocking formation of TXA,, and to be thrombogenic by biocking
formation of PGI,. Evidence from clinical trials indicates that interruption of formation of
PGI, is unlikely to be a sufficient stimulus to initiate the thrombotic process or to interfere

with the antithrombotic effect of aspirin (ISIS-3 1992, A iplatelet Trialists Collaboration

1988).

Aspirin is rapidly absorbed in the stomach and upper intestine. Peak plasma levels

occur 15 to 20 mi after aspirin ingestion and inhibition of platelet function is evident

by one hour. The plasma concentration of aspirin decays with a half-life of 15 to 20

minutes. Despite the rapid clearance of aspirin from the irculation, the platelet-inhibitory
effect lasts for the life-span of the platelet because of the inactivation of platelet cyclo-
oxygenase is irreversible (Burch 1978; Majerus 1983). Aspirin also acetylates cyclo-

oxygenase in megakaryocytes before new p are released into circulation (Burch 1979;

O'Brien 1968). The mean life-span of the human platelet is approximately 10 days.
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effect on VSMC mitogenesis is still debated. One group of investigators provided results
which suggest that the mitogenic signal is produced by an interaction of a distinct
nonenzymatic domain on thrombin with its receptor on VSMC and even catalytically inactive
thrombin stimulates VSMC proliferation (Bar-Sh-zvit 1990). On the other hand, results of
other studies suggest that thrombin must be catalytically active in order to interact with its
receptor (Coughlin 1992; Glenn 1988) and initiate the mitogenic signal. It is possible that,

depending on the experimental conditions, both forms of thrombin can induce VSMC

proliferation. The second messenger involved in the P when t

binds to its receptor on VSMC is unknown.

To date none of the suggested mechanisms have been proven to be important in clinical
studies. Results of studies evaluating the effect of heparin and other glycosaminoglycans on
the incidence of post-PTCA re-stenosis have not been encouraging. One clinical trial (Ellis
1989) assessed the effect of a combination of heparin (24 hours) and aspirin (6 months) on
post-PTCA re-stenosis and reported no difference in rates of re-stenosis between control and
aspirin/heparin treatment groups at 180 days (Ellis 1989). The failure of heparin in this
clinical study and its success in experimental animal studies could be due to a dose effect
since the heparin dose used in the clinical study was much lower than those used in
experimental animal studies (Clowes 1985; Clowes 1986; Wilson 1991; Dryjski 1988; Guyton
1980; Edelman 1994).

Other approaches including: heparin plus prostacyclin, coumadin and aspirin and

dipyridamole have been d in small clinical trials, but they have not been effective

(Thornton 1984; Knudtson 1990).

2
Therefore, approximately 10% of circulating platelets are replaced every 24 hours (Cerskus
1980; O’Brien 1968) and after 5 to 6 days, ‘approximately 50% of the platelets function
normally.

Aspirin is generally well tolerated but some patients suffer side-effects. The side-
effects of aspirin are mainly gastrointestinal, dose related, and reduced by using low doses
(325 mg/day or less) (UK-TIA Study Group 1988; Levy 1974). Aspirin-induced injury to
the gastrointestinal tract can be acute or chronic. Acute aspirin use produces gastric
erosions and gastric hemorrhage, while chronic use can produce gastric ulcers, anemia and
major gastrointestinal hemorrhage (Grabam 1986). Aspirin produces a dose-related increase
in acute gastric bleeding (Prichard 1989; Hawkey 1988; Prichard 1987; Pierson 1961).

The exact cause of aspirin-induced gastric injury has not been elucidated. Inhibition
by aspirin of prostaglandin synthesis in the gastric mucosa (Ali 1977) has been proposed as
an important mechanism, but there is evidence that the gastric side effects of aspirin can be
reduced by treatment with cimetidine (MacKercher 1977), by antacids (Hawkey 1988;
Bowen 1977), and by the use of enteric coated or highly buffered aspirin (Graham 1986;
Mielants 1979; Croft 1967).

Aspirin is effective in reducing the incid of thromboti lications of

atherosclerosis. It has been shown to reduce the incidence of myocardial infarction and/or

death in the following groups; males over the age of 50 (H k 1988),

yImp

females over the age of 50 (Manson 1991), subjects with stable angina (Ridker 1991),
patients with unstable angina and non-Q wave infarction in which it appeared to be more

effective than a short course of intravenous heparin (The RISC Group 1990), patients with
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acute myocardial infarction (30 day incidence) (ISIS-3 1992) and long term incidence

(Antiplatelet Trialists’ Collaboration 1988), and in patients with cerebrovascular disease
(UK-TIA Study Group 1988; Antiplatelet Trialists’ Collaboration 1988; DeClerck 1989).

Since platelets play an active role in hemostasis and thrombosis (i.e. they adhere to the
injured vessel wall, their surface is a part of the prothrombinase complex, and they release
ADP and TXA, which promote aggregation) and in vessel wall repair (i.e. platelets release
PDGF which stimulates the migration and proliferation of VSMCs) their inactivation may
reduce post-PTCA re-stenosis. There are sméi:s both supporting and disputing this
hypothesis.

Three weeks of aspirin therapy significantly inhibited intimal thickeni d

Y to

arterial injury in rats (Vockler 1990) and in canine coronary bypass vein grafts (Metke
1979). On the other hand, in dogs, aspirin did not prevent intimal thickening at the distal
anastomosis of aorto-iliac bypass grafts (PTFE) (Brothers 1989) or in implanted vein grafts
(Landymore 1991). Finally, in humans, several studies suggest that aspirin therapy does not

prevent re-stenosis after angioplasty (Thornton 1984; Finci 1988; Schwartz 1988; White 1991;
Ohman 1990; Chesebro 1989).

33 Oral Anticoagulants (Warfarin)
Oral anticoagulants are vitamin K antagonists which produce their anticoagulant
effect by interfering with the cyclic interconversion of vitamin K and its 2,3 epoxide (vitamin

K epoxide). Vitamin K is 2 cof: for the-po: lational carboxylati

of

residues to gamma-carboxyglutamates (Gla) on the N-terminal regions of vitamin K
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maximal blood concentrations in healthy volunteers in 90 minutes (Breckenridge 1978) and
has a half-life of 10 to 45 hours (Breckenridge 1978). It circulates bound to plasma proteins
and rapidly accurulates in the liver (O'Reilly 1970).

The dose response relationship of warfarin differs between healthy subjects (O'Reilly
1970) and can vary to a much greater extent among sick patients. Because of the variations
in dose response in individual patients during the course of anticoagulant therapy their

anticoagulent dosage must be monitored closely to prevent overdosing or underdosing.

The dose response to warfarin is infl d by both phar kinetic factors (due to

differences in absorption or metabolic clearance of warfarin) and pharmacodynamic factors

(due to diff in the h ic resp to given concentrations of warfarin).
Technical factors also contribute to the variability in dose-response, including inaccuracies

in laboratory testing and reporting, poor patient li and poor ication

between patient and physician.

Drugs can infl the phar kinetics of warfarin by reducing its absorption from

the intestine or by altering its bolic cl The phar d ics of warfarin are

affected by many factors which can influence its anticoagulant effect. Hereditary resistance
to warfarin has been described in humans (Alving 1985); they require doses which are 5 to
20-fold higher than average to achieve an anticoagulant effect. This disorder is thought to
be caused by an altered affinity of the receptor for warfarin since the plasma warfarin levels
required to achieve an anticoagulant effect are much higher than average.

Subjects receiving long-term warfarin therapy are sensitive to fluctuating levels of

dietary vitamin K (O'Reilly 1970) which is obtained predominantly from phylloqui in

P
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dependent proteins (Whitlon 1978; Fasco 1982; Choonara 1988; Stenflo 1974; Nelsestuen

1974; Nelsestien 1976). The process of gamma-carboxylation permits the coagulation

proteins to undergo a conformational change (Nelsestuen 1976; Prendergast 1977; Borowski ~

1986) which is y for calcium depend lexing of vitamin K depend

P

1o their cofactors on phospholipid surfaces and for their biologic activity.

Carboxylation of vitamin K dependent lation factors is lyzed by a

:

carboxylase which requires the reduced form of vitamin K (vitamin KH,), molecular oxygen,
and carbon dioxide. During this reaction, the vitamin KH, is oxidized to vitamin K epoxide
which is recycled to vitamin K by vitamin K epoxide reductase which in turn is reduced to

vitamin KH, by vitamin K reductase. The vitamin X antag ists exert their anti 1

effect by inhibiting vitamin K epoxide reductase (Whitlon 1978; Fasco 1982; Choonara 1988)
and possibly vitamin K reductase (Fasco 1982). This process leads to the depletion of
vitamin KH, and limits the gamma-carboxylation of the vitamin K dependent coagulant

proteins (prothrombin, factor VII, factor IX and factor X). In addition, the vitamin K

gonists limit the carb ion of the regulatory proteins (protein C and protein S), and
as a Tesult impair the function of these anticoagulant proteins. By inhibiting the cyclic
conversion of vitamin K, oral anticoagulants result in the hepatic production and secretion

of partially carboxylated and decarboxylated proteins (Friedman 1977; Malhotra 1985).

33.1 Pharmacokinetics and Pharmacodynamics of Warfarin
Warfarin (a 4-hydroxycoumarin compound) is the most widely used oral anticoagulant

in North America. Warfarin is rapidly absorbed from the gastrointestinal tract, reaches

plant material (Suttie 1988).

Important fluctuations in vitamin K intake occur in both apparently healthy and sick
subjects. Increased intake of dietary vitamin K sufficient to reduce the anticoagulant
response to warfarin (Lader 1980) occurs in patients on weight reduction diets (rich in green
vegetables) and those treated with intravenous nutritional fluid supplements rich in vitamin
K. The effects of warfarin can be potentiated in sick patients with poor vitamin K intake
(particularly if they are treated with antibiotics and intravenous fluids without vitamin K
supplementation), and in states of fat malabsorption (O’Reilly 1970). Hepatic dysfunction
also potentiates the response to warfarin through impaired synthesis of coagulation factors
(Bell 1978). Hypermetabolic states produced by fever or hyperthyroidism increase
responsiveness to warfarin probably by increasing the catabolism of vitamin K dependent
coagulation factors (O'Reilly 1970; Loeliger 1964). Drugs can influence the
pharmacodynamics of warfarin by inhibiting the synthesis of vitamin K dependent
coagulation factors, by increasing the metabolic clearance of vitamin K dependent
coagulation factors and by interfering with other pathways of hemostasis.

Drugs such as aspirin (O'Reilly 1970), other sidal anti-infl ory drugs

(Schulman 1989; O'Reilly 1970), high doses of penicillins (O'Reilly 1970; Brown 1974), and
moxalactam (Weitkamp 1983) can increase the risk of warfarin-associated bleeding by

inhibiting platelet function. Aspirin is the most important because of its widespread use

and prol d effect on h is (Roth 1975). Aspirin can also produce gastric erosions
which increase the risk of serious upper gastrointestinal bleeding (Graham 1986).

Sulfonamides and many broad spectrum antibiotics have the potential to augment the
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anticoagulant effect of warfarin by eliminating bacterial flora and, thereby, producing

vitamin K deficiency, but these agents only potentiate the anticoagulant effect of warfarin
in patients on a vitamin K deficient diet (O'Reilly 1970; Udall 1965).
Oral anticoagulants have been shown to be effective in the primary and secondary

prevention of venous thromboembolism, in the p: ion of ic emboli

in

with tissue and mechanical prosthetic heart valves or with atrial fibrillation; in the
prevention of acute myocardial infarction in patients with peripheral arterial diseases, and
in the prevention of stroke, recurrent infarction and death in patients with acute myocardial

infarction (Hirsh 1992). Oral anti 1 are indicated in patients with valvular heart

disease to prevent systemic embolism although their effectiveness has never been

derac d by a randomized clinical trial (Hirsh 1992). For most indications, a moderate
anticoagulant effect with a targeted International Normalized Ratio (INR) of 2.0 t0 3.0 (less

intense regimen) is appropriate (Hirsh 1992).

The main limitations of oral anticoagulants are a narrow risk/benefit ratio, variability
of dosage requirement and fluctuations produced by changes in diet or itant use of
drugs (alcohol). This i frequent lab y monitoring and patient surveillance
(Hirsh 1992).

r Weight H

The development of Imwhs for clinical use was stimulated by the observation that for
equivalent antithrombotic effects in experimental models, Imwhs produce less bleeding than

the heparin from which they were derived (Andriuoli 1985; Bergqvist 1994; Cade 1984;
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Carter 1982; Esquivel 1982; Holmer 1982). These observations were followed by clinical

studies which demonstrated that imwhs are effective and safe antithrombotic agents for the
prevention and treatment of venous thrombosis. Lmwhs have been approved for clinical use
for the prevention and treatment of venous thrombosis in Europe and for the prevention
of venous thrombosis in Canada and the United States.

Lmwhs are fragn of dard cial grade heparin (stdh) produced by

either chemical or enzymatic depolymerization (Ofosu 1990). Stdh is a heterogeneous
mixture of polysaccharide chains with 2 wide molecular weight distribution which ranges
from 3,000 to 30,000, with a mean molecular weight of 15,000 (Ofosu 1990; Anderssen 1979;
Harenberg 1990). Lmwhs are approximately one third the size of heparin. Like stdh they
are heterogenous in size with a molecular weight range of 1,000 to 10,000 and a mean
molecular weight of 4,000 to 5,000 (Ofosu 1990).

Depolymerization of stdh results in a change in its anticoagulant profile, in its
bioavailability and pharmacokinetics, and in its effects on platelet function and experimental

bleeding. Two other gly inoglycans have also been developed for clinical use. These

are dermatan sulfate and the Organon heparinoid (Orgaran) which is 2 mixture of heparan
sulfate (the major component making up 80% of the mixture) and smaller amounts of

dermatan sulfate and chondroitin sulfates (Ofosu 1990).

3.4.1 Anticoagulant Effects of Lmwhs
Like stdh, Imwhs produce their major anticoagulent effect by binding to ATHI

through a unique pentasaccharide sequence (Bjork 1982; Rosenberg 1979; Casu 1981; Choay
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1981; Choay 1983; Hook 1976; Lindahl 1979; Lindahl 1984; Rosenberg 1975; Rosenberg

1979). This pentasaccharide sequence is present on approximately one third of the stdh
chains and is present on less than one third of Imwh molecules. The binding of the
pentasaccharide to ATIII produces a conformational change in the ATIII molecule (Olson
1981; Villanueva 1977) which eahances its ability to inactivate the coagulation enzymes
thrombin (factor II2) and factor Xa (Rosenberg 1975). Stdh and Imwhs catalyze the
inactivation of thrombin by ATIII acting as a template which binds both the plasma co-
factor through the unique pentasaccharide sequence and thrombin to form a ternary
complex (Bjork 1982; Rosenberg 1979; Rosenberg 1975; Olson 1982). A minimum chain
length of 18 saccharides (includir 2 the pentasaccharide sequence) is required for ternary
complex formation. In contrast, to catalyze the inactivation of factor Xa by ATIII heparin

needs only to bind to ATII (Bjork 1982; Rosenberg 1979; Rosenberg 1975; Olson 1982).

Thus, even low mol r weight heparin fragr can catalyze this reaction, provided that

'y

they contain the high affinity p haride. Virtually all stdh molecules contain at least
18 saccharide units while only 25% to 50% of the different lmwhs contain fragments with
18 or more saccharide units (Lindahl 1984; Holmer 1981; Holmer 1986). Therefore,
compared with stdh which has a ratio of anti-factor Xa to anti-factor Ila activity of

approximately 1:1, the various commercial Imwhs have anti-factor Xa to anti-la ratios which

h

vary 4:1 and 2:1 depending on their molecular size distribution.
3.4.2 Pharmacokinetics of Lmwhs

The plasma recoveries and pharmacokinetics of Imwhs differ from stdh because of
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differences in the binding properties of the two sulfated polysaccharides to plasma proteins
and endothelial cells (Ofosu 1990; Lane 1986; Barzu 1984; Barzu 1985).

Lmwhs bind much less avidly to heparin-binding proteins than stdh (Ofosu 1990;
Lane 1986; Lijnen 1983; Preissner 1987; Dawes 1991; Sobel 1991) a property which
contributes to the superior bioavailability of Imwh at low doses and their more predictable

g response (Handeland 1990). Lmwhs do not bind to endothelial cells in culture

(Barzu 1984; Barzu 1985; Barzu 1987) a property which could account for their longer

plasma half life (Boneu 1988; Briant 1989; Frydman 1988). Lmwhs are cleared principally

by the renal route and their biological half life is i d in patients with renal failure

(Boneu 1988; Palm 1987).

Lmwh preparations have 2 lower affinity than stdh for von Wiliebrand factor (VWF),
(Sobel 1991) a finding which could contribute to the observation that they produce less
experimental bleeding than stdh for equivalent anticoagulant effects (Andrivoli 1985;
Bergqist 1994; Esquivel 1982; Ockelford 1982).

3.4.3 Antithrombotic and Hemorrhagic Effects of Lmwhs in Experimental Animal Models

The antithrombotic and hemorrhagic effects of stdh have been compared with Imwhs,
the ORG heparinoid and dermatan sulfate in a variety of experimental animal models
(Andriuoli 1985; Bergqvist 1985; Esquivel 1982; Ockelford 1982; Hobbelen 1987; Van
Ryn-McKenna 1989; Van Ryn-McKenra 1989). In these models of thrombosis, temporary
venous stasis is produced by ligating an appropriate vein and blood coagulation is stimulated

by injecting either serum, factor Xa, thrombin, or tissue factor (Van Ryn-McKenna 1989;
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Van Ryn-McKenna 1989; Ockelford 1982). When compared on a gravimetric basis, lmwhs
are slightly less effective than heparin as antithrombotic agents but produce much less
bleeding than heparin in models measuring blood loss from a standardized injury (Bergqvist
1985; Esquivel 1982; Hobbelen 1987; Ockelford 1982). The differences in the relative
antithrombotic to hemorrhagic ratios among these sulfated polysaccharides could be due in
part to their different effects on platelet function (Sobel 1991; Fabris 1983; Fernandez 1986)

and vascular permeability (Blajchman 1989).

3.4.4 Lmwhs in_Prevention of Thr sis: Clinical Trials
Lmwhs have a number of advantages over stdh. The observations that lmwhs have

a longer piasma half life and a more predictable anti 1 than stdh allow

P

Imwhs to be administered once daily and without laboratory monitoring. The observation
in experimental animals that lmwhs produce less bleeding than stdh for an equivalent
antithrombotic effect has allowed patients to be treated with higher anticoagulant doses of
Imwhs without compromising patient safety. This latter potential advantage of Imwhs has
been demonstrated in one prophylactic study in which stdh produced a significant increase
in bleeding when its dose was increased to match the anticoagulant effect ex-vivo of a Imwh
(Levine 1991), and in two studies comparing high. doses of a Imwh with full doses of stdh

for the treatment of venous thrombosis (Hull 1991; Prandoni 1991). Lmwhs have been

d for the p! ion and t of venous thromboembolism and have been

shown to be highly effective.
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activity may explain the limited effectiveness of aspirin in i ibiting coronary T 1

Low molecular weight heparins, when used in animal models of angioplasty, have been’
reported to prevent the development of intimal thickening and stenosis (Wilson 1991;
Dryjski 1988; Currier 1991). However, in the one clinical trial in which it was evaluated,
Imwh failed to prevent re-stenosis after coronary angioplasty (Faxon 1992). The negative
results of this study could have been due to the low dose used and the short duration of

therapy.

3.5 Novel Antithrombotic Compound (Table IT and )

A large array of new compounds designed to inhibit specific molecular interactions

which are believed to be important in thromt is have been developed. These include:

1) inhibitors of vWF", dent platelet adhesion to piatelet glycop in receptor Ib

(GPIb); 2) inhibitors of platelet glycoprotein receptor Ib/Ia (GPIIb/IIa)-dependent

platelet aggregation; 3) platelet thrombin receptor gonists; 4) inhibif of il

generation - tissue factor pathway inhibitor (TFPY), activated protein C (APC), inhibitors

of factor Xa; and 5) direct th bin inhibi The develop of these inhibi has
been made possible by ad in molecular biology and in knowledge of the structural
chemistry of binding sites on ptors and ligands involved in thrc 8

3.5.1 Platelet Function Inhibitors
Aspirin is a very selective inhibitor of platelet function since it only inhibits platelet

aggregation mediated by activation of the arachadonic acid/TXA, pathway. This selective
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clinically (de Bono 1992; Hsia 1990) and in experimental models of thrombolysis (Golino
1988; Golino 1989). Nevertheless, despite its limited selectivity, aspirin is effective in
preventing death and re-infarction after coronary thrombolysis (ISIS-3 1992).

The limitations of aspirin have generated considerable interest in developing new and
more potent inhibitors of platelet aggregation. These fall into four main classes: 1) the

non-specific inhibitor, Ticlopidine; 2) the TXA, receptor antagonists and synthetase

ibitors; 3) pounds which pete with vWF for binding to platelet GPIb; and 4)
compounds which compete for binding of fibrinogen and other adhesive proteins to platelet
GPIIb/Ma. Of these, the most promising group of compounds are those which compete
with fibrinogen and the other adhesive proteins for binding to the platelet glycoprotein
receptor GPIIb/MIa. Ticlopidine is currently the only one of the four classes of new

compounds that is approved for clinjcal use.

3522 Ticlopidine

Ticlopidine is 2 ively new antiplatelet drug with an entirely different mechanism
of action than aspirin (Saltiel 1987). Ticlopidine is 2 thienopyridine derivative which inhibits
platelet aggregation induced by a variety of agonists, including ADP, possibly by altering the

platelet b and blocking the i ion b fibrinogen and its membrane

glycoprotein receptor, GPIIb/Iila (Di Minno 1985). The inhibitory effect of ticlopidine is
delayed for 24 to 48 hours after its administration, suggesting that the antiaggregating effects

are caused by metabolites (Saltiel 1987). Ticlopidine has been luated in patients with

stroke (Gent 1989), transient cerebral ischemia (Hass 1989), unstable angina (Balsano 1999),
intermittent claudication (Arcan 1988; Balsano 1989; Janzon 1990), and in patients having

aorto-coronary bypass surgery (Limet 1987). Ticlopidine was significantly more effective

than aspirin in reducing stroke in pati with transi bral ischemia or minor stroke

(Hass 1989); more effective than placebo in reducing the risk of the combined outcome of

stroke, myocardial infarction or vascular death in pati with thromboembolic stroke
(Gent 1989); more effective than an untreated control group in reducing vascular death and
myocardial infarction in patients with unstable angina (Balsano 1990); more effective than

placebo in reducing acute occlusion of coronary bypass grafts (Limet 1987), and more

effective than ls in improving walking di (Balsano 1989) and reducing vascular
complications in patients with peripheral vascular disease (Balsano 1990; Arcan 1988;
Janzon 1990).

Ticlopidine has a number of troublesome side effects, the most common of which are
diarrhea and skin rash, and the most serious, neutropenia. Nevertheless, ticlopidine can be
used in patients with aspirin allergy or gastrointestinal intolerance of aspirin.

In one clinical study (Ki 1988) a combination of ticlopidine, aspirin, and the

Icium channel st dil significantly reduced post-PTCA re-stenosis whereas

aspirin alone had no effect at 28 weeks.

353 Inhibitors of Platelet Adhesion

Platelet adhesion occurs when glycoprotein receptors on ivated platelets bind

to the ligands in the subendothelial llular matrix exposed during lar injury




(Sakariassen 1987; Phillips 1991; Hynes 1992). The most important ligands are collagen and

VWF but platelets may also adhere 1o other subendothelial proteins includi

laminin, vitronectin, and thrombospondin (Sakariassen 1987; Phillips 1991; Hynes 1992;
Sixma 1984; Handa 1986; Sakariassen 1986). The piatelet membrane glycoprotein receptors

for the various adhesive matrix molecules are GPIb/IX, GPla/lla, GPlc/Ila, vitronectin

receptor and GPIV (GPIHb).

Platelets exposed to elevated levels of fluid shear stress bind to vWF and then
aggregate in the absence of exogenous agonists (Chow 1992). vWF binds to two receptors
on the platelet membrane, GPIb and GPIIb/1Ta, both of which are involved in shear stress-
induced platelet aggregation (Moake 1988). Shear stress stimulates binding of vWF
multimers to GPIb on the surface of inactivated platelets. This binding interaction then

activates platelets and exposes functional GPIIb/IIIa integrin receptors which bind vWF

multimers and undergo aggregation. Shear stress-induced aggregation is inhibi

by 2 monoclonal antibody (10ES), which blocks vWF binding to GPIIb/Illa.

The molecular mechanism responsible for shear stress-induced vWF/GPIb binding
is uncertain. Shear-stress could either alter the structure of vWF or it could alter some

characteristic of platelet surface GPIb and permit ligand binding to occur (Moake 1988).

‘Whatever the mechanism high shear-stress initiates YWF-depend t

fibronectin,

d in part

of Ca?* and induces platelet aggregation. This platelet response is not inhibited by ASA

(Chow 1992) and requires a functiona! platelet GPIIb/Illa complex.

Binding of collagen to its glycoprotein receptors also stimulates platelet activation

with the exposure of the integrin GPIIb/Illa in its functional form.

3.5.3.1 Inhibitors of Platelet GPIIb/1Ila-Dependent Recruitment

Platelet aggregation can be triggered by platelet adhesion to either collagen or VWF
(under conditions of high shear) or by exposure to ADP, TXA, or thrombin. Platelet
activation by these agonists results in the expression on the platelet surface of functional
GPIIb/Mla receptors for fibrinogen, and other adhesive glycoproteins, leading to calcium-
dependent inter-platelet linkages (Phillips 1991; Hynes 1992). The functional GPIIb/Illa
receptor binds with a number of adhesive glycoprotein ligands, including fibrinogen, VWF,
fibronectin, vitronectin and thrombospondin. Of these, fibrinogen is the most important
because it is present in much greater concentrations in plasma than the other adhesive
glycoproteins. Arg-Gly-Asp (RGD) serves as the integrin recognition sequence in the
adhesive proteins interacting with this receptor (Phillips 1991; Hynes 1992). Fibrinogen
contains two RGD sequences in each « chain (Phillips 1991). An additional site on the
carboxy-terminal of each gamma chain of fibrinogen also binds to GPIIb/IMa. This site
consists of a dodecapeptide sequence that is not found in other adhesive proteins and
contains a Lys-Ala-Gly-Asp sequence.

Platelet aggregation is inhibited by monocional antibodies directed against

GPIIb/Illa, by naturally occurring peptides containing RGD, or by dodecapeptide

i\ and by syntheti petitive analogs.
3532 Monodlonal Antibodies Directed Against GPIIb/Ila

Inhibition of the platelet GPIIb/IIla receptor by murine monoclonal antibodies

prevents thrombosis in experimental models of vascular injury (Coller 1989; Gold 1988;

sl
ntlux
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inhibition of vWF-dependent platelet adhesion can be achieved by interfering with
binding of vWF to GPIb or by inhibition of VWF multimerization (Sixma 1984; Handa 1986;
Sakariassen 1986; Millei’ 1991; Ikeda 1991; Bellinger 1987).

Monoclonal antibodies against GPIb or GPIb/IX have been studied in experimental
animal models of thrombosis (Miller 1991; Hanson 1989). Monoclonal antibodies raised
against GPIb have antithrombotic effects in guinea pigs subjected to laser-induced injury to
mesenteric small arteries (Miller 1991).  These antibodies produce irreversible

thromb penia in primates (Hanson 1989). Peptides mimicking the GPIb

binding domain of vWF inhibit ristocetin-induced GPIb-dependent platelet agglutination
(Handa 1986; Tkeda 1591) inhibit platelet deposition in high-shear flow models in vitro
(Tkeda 1991) and reduce thrombus formation under arterial flow conditions in experimental
animal models (Badimon 1990). The template bieeding time is prolonged at concentrations
of these peptides which exhibit antithrombotic effects (Miller 1991; Hanson 1989; Badimon
1990).

Moderate antithrombotic effects are also observed in animal models of arterial
thrombosis when anti-vWF neutralizing antibodies (Miller 1991; Bellinger 1987) are

administered intravenously at doses that produce a marked prol ion of the bleeding

time. Similarly mod i botic effects are produced in animal models of arterial

thrombus by inhibiting vWF multimerization using aurin tricarboxylic acid (ATA) at doses

that produce marked prol ion of the bleeding time (Strony 1989).
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Yasuda 1988) and significantly shorten the time to t-PA-induced reperfusion after

thrombotic coronary occlusion (Gold 1988; Coller 1990). In dogs with experimental

coronary thrombosis, 7E3, a lonal antibody against GPIlb/Ila, accelerates

thrombolysis and prevents rethrombosis (Gold 1988; Yasuda 1988; Coller 1990).
The dosages required to achieve antithrombotic effects with murine monoclonal
antibodies against GPIIb/Ila, essentially eliminate GPIIb/la receptor-function on all

cire P and produce sut ial experimental bleeding at sites of tissue injury

in nonhuman primates (Hanson 1989). Thrombocytopenia also develops in nonhuman
primates following the administration of murine monoclonal antibodies (Hanson 1989). In
patients, antithrombotic doses of these monoclonal antibodies aiso prolong template
bleeding, although to-date no severe spontaneous abnormal bleeding has been reported in

clinical trials. Preliminary studies using "t ized" anti-GPIIb/10a lonal antibodi

in patients (Coller 1990; Iuliucei 1991) at risk of arterial thrombotic events are reportedly

free of both bleeding events and significant thrombocytopenia at doses hibiting antiplatelet
effects in patients with unstable angina (Gold 1990) and myocardial infarction who are also

treated with thrombolytic agents (Kleiman 1991).

3533 Natural Antiplatelet Peptides

A number of naturally occurring cysteine-rich single-chain polypep ides have been

isolated from snake venoms that potentially inhibit the binding of fibrinogen to GPIlb/Iia
receptors and abolish platelet aggregation. This group of RGD-containing peptides include

trigramin (Cook 1989; Huang 1987), bitistatin (Mellott 1989; Shebuski 1990; Bush 1989)
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echistatin (Bush 1989; Savage 1990), kistrin (Yasuda 1991) and applaggin (Chao 1989;

Savage 1990). In experimental animals all of these polypeptides, referred to as disintegrins,
produce dose-dependent inhibition of platelet aggregation ex vivo and thrombus formation
in vivo. Accelerated tPA-induced thrombolysis with prevention of subsequent reocclusion
have also been demonstrated experimentally with some of these polypeptides (Shebuski
1990; Yasuda 1991). For example, bitistatin (Shebuski 1990) augments the effect of heparin

in accelerating thrombolysis and prevents reocclusion following tPA-ind

3

d thrombolysis

in canine models of coronary thrombolysis.
These biologic peptides inhibit binding of all RGD-containing adhesive proteins with

platelet GPIIb/Ila receptors with affinities similar to lonal antibodies, although their

effects are short-lived in vivo. Barbourin, a peptide isolated from the southwestern pygmy
rattlesnake Sistrurus m. barbouri, differs from the other snake venom peptides in that it
specifically inhibits the binding of adhesive proteins with human platelet GPIIb/Illa without
affecting the binding to GPIIa/IlIb on other cells (Scarborough 1991). This specificity is a
consequence of the substitution of ARG for LYS, forming the unique recognition sequence

KGD.

RGD-containing snake venom polypeptides (Gan 1983; Dennis 1990) enhance and

maintain coronary arterial thrombolysis with i tissue p

(+tPA) in dogs (Yasuda 1991).

3.5.3.4 Synthetic Antiplatelet Peptides

GPIIb/INia-antagonist peptides have been synthesized and characterized in vitro and
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in vivo as competitive inhibitors of platelet GPIIb/Il1a binding with the adhesive proteins

(Charo 1991; Hanson 1991; Strony 1991; Kessler 1991). These peptides, which are potent
when synthesized in a cyclic configuration, inhibit platelet aggregation in a dose-dependent
manner in vitro and in vivo and produce antithrombotic effects in experimental models of
thrombosis (Charo 1991; Hanson 1991; Strony 1991; Kessler 1991; Haskel 1991). In
experimental animal models, the tetrapeptide analogue Arg-Gly-Asp-O-methyltyrosine amide
prevents reocclusion after successful tPA-induced thrombolysis in the femoral arteries of
dogs (Haskel 1989; Haskel 1991), and the cyclic hepatopeptide 'MK-852 is an effective
antithrombotic compound in experimental models of arterial thrombosis (Haskel 1991).

N

Y ic cyclic peptid ining the KGD also inhibit the binding of

human platelets with adhesive proteins but with greater specificity for platelet GPIIb/Ia

than the integrins on other cells (Charo 1991; Hanson 1991).

3.6 Thrombin Receptor Antagonist

The platelet thrombin receptor is 2 425 amino-acid, seven-transmembrane, G-protein-
coupled molecule with an amino-terminal extracellular domain that undergoes activation by
thrombin-mediated cleavage at Arg 41 in the LDPR/S amino acid sequence (Vu 1991; Vu

1991; Hung 1992; Coughlin 1992). Severance of this terminal peptide creates a neo-amino-

terminus that acti the receptor as a tethered ligand (Vu 1991; Vu 1991). Thrombin

interacts with an acidic region on the receptor through an anjon-binding exosite in 2 manner
analogous to its interaction with hirudin (Rydel-1990). Each platelet has, on average, about

a thousand copies of the thrombin receptor. The thrombin receptor is also present on

endothelium and vascular smooth muscle cells.
In vitro, platelet thrombin receptor activity is inhibited by monoclonal antibodies and
synthetic peptides targeting specific receptor sites (Hung 1992). In preliminary studies,

novel synthetic thrombin receptor antagonist peptides (TRAPs) comprising portions of the

neo-amino-terminus, hirudin-like binding seq or other ext domains also
inhibit thrombin receptor function in vivo (Hanson 1992; Wilcox 1992). TRAPs do not
inhibit the cleavage of fibrinogen by thrombin but they may block other thrombin receptor-

dependent responses at sites of vascular injury incl ding the mi ic stimulation of

vascular smooth muscle cell proliferation (Glenn 1988; Carney 1992) and leukocyte

chemotaxis and cell adhesion receptor expression (Hanson 1992; Wilcox 1992).

37 Thromboxane A, Synthetase Inhibitors

Thrombin and TXA, are both important mediators of platelet activation (Ganguly
1974; Moncada 1979; Fitzgerald 1988; Owen 1988). TXA, causes platelet activation and
coronary vasoconstriction. Studies in experimental animal models of thrombolysis and in

man using activation markers suggest that lusion after thrombolytic therapy is

ly

contributed to by TXA, production and release at the site of the lysing coronary thrombus
(Colier 1990; Willerson 1991). There is experimental evidence that inhibition of both TXA,
and thrombin activity may be more effective than inhibition of either one alone in
shortening the time to reperfusion and in the preveation of re-occlusion (Golino 1988;
Golino 1989; Fitzgerald 1989). Recent studies showed that when added to hirulog, Ridogrel,

a combined TXA, synthetase inhibitor and receptor antagonist (De Clerck 1989; De Clerck

)

1989) reduces the frequency of reocclusion after tPA-induced lysis of experimental coronary
thrombosis in dogs more effectively than hirulog. In this model, inhibition of thrombin
alone, or TXA, alone, did not prevent reocclusion. Thus both TXA, and thrombin might

contribute to the process of reocclusion. Ridogrel (Ashton 1986; Bush 1984) was more

effective than either a b receptor gonist (Bush 1984) or a thromboxane

synthetase inhibitor (Golino 1990) when either of these classes of thromboxane inhibitors

were used alone.

38 ATII-Independent Thrombin Inhibitors

Several ATIH-independent i i are now ilable. These include hirudin,

hirudin fragments, argatroban, and the peptide chloromethyl ketone inhibitor, D-Phe-Pro-
ArgCH,Cl (PPACK) and its derivatives. Although all of these inhibitors bind directly to

thrombin, they have different mechanisms of actior as described below. The potential

ds ge of the ATHI-independent inhibi is that unlike heparin, these agents can access
and inactivate thrombin that is bound to fibrin (Weitz 1990). This potential advantage
appears to be real since these inhibitors have proven to be more effective than heparin in

experimental animal models of venous and arterial thrombosis (Heras 1989; Agnelli 1990;

elli 1992) and as adj to tPA-induced bolysis using a canine model (Yasuda
1990). These observations illustrate the importance of inhibiting fibrin-bound thrombin to

achieve optimal antithrombotic effects.

3.8.1 Hirudin and Its Derivatives
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Hirudin is 2 65 amino acid residue protein isolated from the salivary glands of the

int gulation when

qi | b
intr ly or

ly (Markwardt
medicinal leech. It is a potent and specific thrombin inhibitor which is now available 1986). Hirudin is much more effective than high dose heparin (Heras 1989; Kelly 1991) or
through recombinant DNA technology. It forms an essentially irreversible, stoichiometric aspirin (Lam 1987) in reducing platelet deposition and thrombosis after angioplasty in pigs.
complex with thrombin. Analysis of the crystal structure of the thrombin-hirudin complex Hirudin also interrupts platelet-dependent thrombus formation at sites of mechanical deep
illustrates that hirudin makes extensive contact with thrombin as it binds to both the active arterial injury in pigs (Heras 1989) and nonhuman primates (Kelly 1991), although the doses
centre and the substrate recognition site of the enzyme (Rydel 1990). Hirudin inhibits required to inhibit platelet deposition produce corresponding impairment in hemostatic
thrombin by forming a stoichiometric lex with a dissociati that has been

function. Clinical triais are currently being conducted to evaluate the relative efficacy and
reported to be as low as 20 fM (Stone 1986). safety for both venous and arterial thrombotic outcomes in patients.
A novel class of synthetic C-terminal peptide fragments of hirudin have been The initial results of Phase II trials with hiradin in unstable angina and in acute

developed (Chang 1990) as thrombin inhibitors ( re 1989; 1990). The

y ion have been encc ing. In patients with ble angina using a 3:1

. 5 hetic dod . . .
first of these hirugen, is a sy peptide comprising residues 53 to 64 randomization allocation to 3 days with hirudin versus heparin, bleeding complications have
of the carboxy-terminal region of hirudin (Maraganore 1989). Hirugen binds only to the

noi been i d and paired angi hy (baseline and at follow-up, pricr to any coronary
substrate recognition site of thrombin but does not bind to the catalytic centre of the intervention) points to improvement in culprit vessel clot lysis (Topol 1994). Similarly, as
enzyme. As a result hirugen blocks the interaction of thrombin with fibrinogen, platelets an adjunct to thrombolysis in acute my Jial fon in 214 pati hirudin A

P!

and other substrates but does not inhibit the amidolytic activity of the enzyme. By adding favourably to heparin with respect to sustaining infarct vessel patency 2nd reducing morbid
D-Phe-Pro-Arg-Pro-(Gly), to the amino-terminal region, hirugen has been converted from events (TIMI 5 Trial 1993). It has also been iated with 10 i in bleedi

complications compared with heparin (TIMI 5 Trial 1993). Thus, both randomized, heparin

phic trials have provided evid for impr in coronary artery

a weak competitive inhibitor to a potent bivalent inhibitor known as hirulog (Maraganore

1990). Like hirudin, hirulog blocks both the active centre and the substrate recognition site

of thrombin. H -, active site inhibition is ient b once lexed, tt bil

thrombus dissolution or prevention of new thrombus formation with hirudin as compared
can slowly cleave the Pro-Arg bond on the amino terminal extension, thereby, converting to heparin.
hirulog to a weaker, hirugen-like species. Since thrombin kas also been reported to stimulate VSMC proliferation, its inactivation
In experimental animals, hirudin inhibits the formation of venous thrombi and blocks by hirudin may prevent post-PTCA re-stenosis. In one study, e desulohatohirudi
5 - Y , Tec udin
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was tested in a rabbit femoral angioplasty model (Sarembock 1991) and at twenty-eight days

primates interrupts the formation of platelet-rich thrombi on Dacron vascular grafts (Hanson
after angioplasty the hirudin group exhibited ignificantly less is than animals treated

&

1988), vascular stents (Krupski 1990), and hemodialyzers (Kotze 1990), whereas heparin
with heparin. Similar inhibitory effects of hirudin on VSMC proliferation were reported in

and/or aspirin have no effect. Short intravenous infusions of PPACK produce lasting
baboons (Hanson 1992). The results of these studies suggested that thrombin plays a role

interruption of platelet deposition at sites of surgical carotid endarterectomy because this

in the p is of re-stenosis after angioplasty (; bock 1991, Hanson 1992).

agent irr ibly i

£ d by, and bound to, forming thrombus

(Hanson 1988). In contrast, hirudin produces only transient inhibition presumably because
3.82 Argatroban

there is slow dissociation of the thrombin-hirudin complex once the drug is cleared from the

The synthetic arginine derivative, argipi dine or Argatroban, isa

N circulation (Kotze 1990). Despite the potential advantages of PPACK, the long-term
of thrombin (Kikumoto 1984) that interacts with the active site of the enzyme. It has a half-

d with ic or local administration have yet to be determined.
life of only a few minutes. Although Argatroban is a relatively potent antithrombin in vitro
Y & Yo Recently, 2 PPACK derivative, D-Phe-Pro-Arg-borate, has been developed which is
(Kikumoto 1984), it fails to inhibit platelet-dependent thrombus formation in vivo. . . .
a more specific inhibitor of thrombin than the parent molecule (Kettner 1990). This

competitive antithrombin peptide blocks thrombin’s catalyticsite (Kettner 1990) and exhibits
3.83 PPAS Its Derivativ .
potent antithrombotic effects in several different animal models of arterial thrombosis
The tripeptide chloromethyl ketone D-Phe-Pro-ArgCH,Cl (PPACK), irreversibly . . ) i
(Knabb 1991; Kelly 1991). Two additional synthetic antithrombin peptides, D-Phe-Pro-Arg-
inhibits thrombin b; lating the active centre histidine (Kettner 1979). This synthetic
' y dlylating & ) o H and D-MePhe-Pro-Arg-H have anticoagulant and antiplatelet effects when administered
antithrombin is unique among the ATII-independ direct antit bins b it

either intravenously or orally in 2 number of animal species (Bagdy 1992). These
potently and irreversibly inactivates both soluble and thrombus-bound thrombin (Hanson

B idine-based pounds also exhibit significant antithrombotic effects in vivo
1988; Lumsden 1993; Kelly 1989; Kotze 1990; Krupski 1990). Recent tallographic
i ) crstalogp (Markwardt 1986).

studies confirm the tight i jons of this molecule with thrombin’s catalytic pocket in o 3 3 } .
Catalytic site-directed antithrombins are less specific than natural or bivalent
addition to its covalent derivatization of His-57 in the catalytic triad (Bode 1989). Since . . A 5 . . e
antithrombin peptides. This may be a serious limitation because specificity is likely to be
thrombin binds to fibrin through a site distinct from its catalytic centre, PPACK readily . . . . 5 ) e
critical for achieving therapeutic efficacy without inducing toxic side-effects.
inhibits clot-bound thrombin (Weitz 1990). Systemic infusions of PPACK into nonhuman . N 3 .
The direct thrombin inhibitors have been compared with heparin, aspirin or platelet
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GPIIb/1a receptor antagonists in 2 number of different animal models of tPA-induced

thrombolysis. In all of these studies the direct thrombin inhibitors proved to be more

" effective than other antithrombotic agents at accelerating thrombolysis and

P ]

reocclusion. In a coronary thrombosis model in dogs, hirudin was more effective than
heparin, aspirin or a peptide RGD-containing analogue in accelerating tPA-induced
thrombolysis (Fitzgerald 1989). The superiority of hirudin over heparin in preventing
thrembosis during and after thrombolysis and in permanently inactivating clot-bound
thrombin has also been demonstrated in a study using a rabbit jugular vein medel (Agnelli
1990).

Both recombinant hirudin and hirulog are undergoing clinical testing for the
prevention of venous thrombosis after surgery (Ginsberg 1992). In addition, the
effectiveness of these agents is also being examined during coronary reperiusion therapy
with thrombolytic drugs (TIMI 5 Trial 1993; Lidon 1993).

The relative antithrombotic and antit ic effects of a number of the direct

antithrombins have been compared (Kelly 1991; Hanson 1988; Kettner 1990; Kelly 1989).
All direct antithrombins tested interrupt platelet and fibrin deposition and prevent

thrombotic occlusion in a dose-dependent manner.

3.9 Direct Factor Xa Inhibitors
Two ATIH-independent factor Xa inhibitors, a tick anticoagul peptide (TAP) and

2 leech anticoagulant peptide (Antistasin), have been developed. TAP is-a 60-amino acid-
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1990) and subsequently made rec inantly in yeast (‘'TAP) (Vlasuk 1991). It is 2 potent

and selective inhibitor of factor Xa, which unlike heparin can access and inhibit factor Xa
within the prothrombinase complex. rTAP has been shown to effectively prevent venous

thrombus formation in rabbits (Vlasuk 1991) to suppress systemic elevations of FPA induced

by intravenous administration of thromboplastin in ious Rhesus keys (Neeper
1990), and to inhibit thrombosis in a silastic femoral arteriovenous shunt in baboors, a
model which has been used extensively (Hanson 1988; Hanson 1988) to simulate arterial
thrombosis produced under conditions of high shear.

The relative effects of rTAP, rHirudin, and heparin have been compared in a canine

model of rtPA-mediated coronary thrombolysis (Shebuski 1990; Haskel 1991). Both rTAP
and rHIR, but not heparin, significantly accelerated rtPA-mediated thrombolysis and
prevented acute reocclusion. Heparin had a modest effect on enhancing thrombolytic

reperfusion but failed to prevent or significantly delay reocclusion even in doses which

1 d the APTT approximately 8-fold over baseline values.
Like TAP, recombinant antistasin (rATS) is a potent and selective inhibitor of factor
Xa. Antistasin was originally isolated from the Mexican leech, Haementeria officinalis
(Dunwiddie 1989; Nutt 1988; Nutt 1991). rATS hasa molecular weight of 13,341 and its
anticoagulant activity persists for over 30 hours after a single subcutaneous injection. This
long duration of action reflects a prolonged period of absorption coupled with a rather long

plasma half-life (Dunwiddie 1992). TATS exhibits no d ible inhibition of t bin at

molar ratios as high as 500 to 1 (Dunwiddie 1989). The in vivo antithrombotic effects of

polypeptide which was originally isotated from the soft tick Ornithodoros moubata (Waxman
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of vencus thrombosis (Vlasuk 1991) and a rhesus monkey model of mild disseminated
intravascular coagulation (Nutt 1991).

The superiority of rTAP over heparin in experimental models of thrombolysis
probably reflect the ability of the direct factor Xa inhibitor to access factor Xa with in the
prothrombinase complex (Beguin 1988; Hemker 1987).

The specific Xa inhibitors, rATS and rTAP, have been reported also to reduce injury-
induced stenosis in the femoral arteries of rabbits (Sarembock 1992). The antiproliferative

effects of these agents were attributed to inhibition of thrombin generation.

3.10 Activated Protein C

Thrombin activates the natural antit boti protein C by cl the

amino-terminal dodecapeptide when bound to thrombomodulin on the vascular endothelial
membrane surface (Esmon 1989). APC inhibits coagulation and prolongs the APTT by
inactivating activated factors V and VIII (factor Va and factor VIila) on endothelial and
platelet surfaces. By so doing, APC inhibits thrombin generation induced by thrombin and
factor Xa.

The effectiveness of APC as an anticoagulant has been shown by Hanson and

colleagues (Hanson 1993) who induced the activation of endog protein C by the
injection of low doses of thrombin into baboons with arteriovenous shunts. The activated
protein C had antithrombotic effects which could be blocked with an antibody that prevents
protein C activation.

Natural and recombinant forms of APC have been developed and studied in vitro and

rATS following i i infusion have been d d in a rabbit model
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in experimental models of thrombosis and hemostasis (Gruber 1989; Gruber 1990). APC

inhibits platelet deposition in baboon models of acute arterial thrombosis (Gruber 1991),
prevents experimental venous thrombosis, and interrupts re-thrombosis after experimental
thrombolysis (Grinnell 987). When combined with urokinase in baboons (Gruber 1991),
APC had additive effects in preventing the accumulation of fibrin and platelets onto Dacron
vascular grafts.

In contrast to the findings with antiplatelet agents and the direct antithrorabins, the

of APCin effecti ithrombotic doses is not associated with any detectable
prolongation of bleeding times (Gruber 1989; Gruber 1990). A soluble thrombomodulin has
also been developed as potential means for generating APC endogenously (Hanson 1990).
In addition, the possibility of engineering thrombin to promote selective endogenous

activation of protein C is being evaluated (Wu 1991).

3.11 Tissue Factor Pathway Inhibitor
Exnosure of blood to tissue factor contained in the depths of the lipid-rich
atherosclerotic plaque is thought to be an important mechanism for reocclusion following

successful thrombolysis (Haskel 1991; Weiss 1989; Wilcox 1989). Tissue Factor Pathway

Inhibitor (TFPI) (formerly known as lipoprotei iated lation inhibitor or LACT)

(Broze 1988) forms a complex with activated factor X and this factor Xa-TFPI complex then
binds to and inhibits activated factor VII within the tissue factor-factor VIIa complex. TFPI
has been cloned and limited studies with recombinant TFPI have been performed it a

canine femoral artery model. Thrombosis was induced by two methods and recanalization
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was produced by tPA infusion. TFPI infusion prevented reocclusion following tPA in the

arteries subjected to intimal injury (Haskel 1991). These findings suggest that tissue factor

lays a role in lusion after ful thrombolysis and suggest a new approach for
plays

adjuvant antithrombotic therapy.

3.12 Other Agents for Prevention of -PTCA R«
Over the years a number of agents have been tested for prevention of post-PTCA re-

stenosis after angioplasty. Each will be discussed in turn.

3.12.1 Omega-3 Fatty Acids

The ciassical epidemiological studies in Greenland Eskimos (Kronman 1980) have

stimulated a great deal of interest in the possibility that fish oil could be beneficial in the

pri ion of cardi lar di Cod-liver oil or its products has been shown to inhibit
atherosclerosis in a hyperlipidemic swine model (Weiner 1986) and intimal hyperplasia in
autologous vein grafts in a normal dog (Landymore 1985). This may be due to a number of
effects of omega-3 fatty acids. Thus, these agents have an antiaggregatory effect on platelets
(Goodnight 1981), induce 2 favourable change in lipid profile (Harris 1983; Phillipson 1985;
Slack 1987), and inhibit PDGF-like factors that may cause VSMC proliferation and
‘migration (Fox 1988). To date, results of five clinical trials testing the effect of omega-3 fatty
acids on post-PTCA re-stenosis have been inconclusive (Dehmer 1988; Grigg 1989; Milner
1989; Reis 1989; Slack 1987). In two of these studies (Dehmer 1988; Milner 1989) inhibition

of re-stenosis was achieved, but in the other three trials (Grigg 1989; Reis 1989; Slack 1987)
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Accordingly, the effect of lowering blood cholesterol using lovastatin and/or colestipol has

been studied in patients undergoing angioplasty who have elevated cholesterol levels. The

results of these studies are contradictory. Two clinical trials (Sahni 1989; Zhao 1992) have

reported that lovastatin or the combination of 1 in and colestipol therapy reduced the

rate of re-stenosis after angioplasty, but in another study, lovastatin in combination with

colestipol (Hollman 1989) failed to produce 2 beneficial effect.

3.12.4 Antagonist of PDGF: Triazolopyrimidine (Trapidil)

A role for PDGF in the pathogenesis of VSMC proliferation has been suggested.

A ingly, triazolopyrimidine, 2 PDGF i ini d one week before and six

months after PTCA was evaluated and found to have a small, but non significant beneficial

effe:t on re-stenosis rates (Okamoto 1991).

3.12.5 Angiotensin Converting Enrzymes (ACE) Tnhibitors

Angiotensin Il (ANGII) infused into rats with denuded carotid arteries doubles the
normal rate of intimal thickening (Deamen 1991) and also enhances DNA synthesis and
VSMC proliferation at the site of injury (Deamen 1991). Inhibition of angiotensin I
(ANGTII) receptors by losartan, an ACE inhibitor, has been reported to reduce balloon
injury-induced myointimal pro]iferatioﬁ in a rat carotid model (Kauffman 1991).

A number of experimental studies have documented that ACE inhibitors (cilazapril or
perindopril) inhibit arterial intimal thickening induced by balloon injury in rat and guinea

pig models (Powell 1991; Osterrieder 1991; Clozel 1991; Powell 1989) reduce intimal
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no reduction in the rate of re-stenosis was observed.

3.12.2 Corticosteroids and Other Agents.
Inflammatory cells including macrophages, lymphocytes, and neutrophils have been
identified in the atherosclerotic plaque (Munro 1983). These cells release cytokines and

growth factors (PDGF, bFGF, Interleukin 1, 6) which may contribute to the formation of

P

the atherosclerotic plague (Munro 1988). Since an infl Ty is stimulated by
vessel damage such as occurs with angioplasty, corticosteroids have been used in an attempt
to reduce inﬂammation. Indeed, the corticosteroid agent dexamathasone and other anti-
inflammatory agents have been reported to inhibit VSMC proliferation secondary to

balloon-induced arterial injury in one experimental study (Gordon 1987) and one clinical

trial (Hirayama 1992) . However, another clinical trial that evaluated pretreatment with

methylprednisolone did not report a beneficial effect (Pepine 1990).

Intracellular calcium has been shown to regulate VSMC proliferation and vasospasm.
'I;hus, inhibition of calcium transport (influx) by calcium channel blockers has the potential

to inhibit these processes. The contribution of calcium to vasospasm (Willerson 1991) and

to is after angiop has been addressed in two clinical trials which evaluated the

effect of calcium channel blockers. Neither diltiazem (Corcos 1985) or nifedipine

(Whitworth 1986) had an effect on the rate of restenosis after angioplasty.

3.12.3 Agents Modulating Cholesterol and Lipid Profile

Elevated levels of LDL cholesterol are a well established risk factor for atherosclerosis.
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hyperplasia in rat and rabbit carotid artery vein grafts, anc in vascular allografts in rats

(O’Donohoe 1991; Roux 1991; Plissonnier 1991). In other studies, ACE inhibitors did not
inhibit VSMC proliferation in injured arteries and vascular grafts in baboons (Hanson 1991):
A study by Clowes et al. (Clowes 1991) reported that 2 combination of heparin and
cilazapril significantly reduced myointimal hyperplasia after balloon denudation in a rat
carotid artery model. However, in one clinical trial, cilazapril administered for six months
did not prevent re-stenosis or favourably influence the overall clinical outcome following
PTCA (Serruys 1992).

The mechanism by which ACE antagonists inhibit VSMC proliferation is not clear. One
theory proposes that bradykinin accumuiates during ACE inhibitor therapy and stimulates
EDRF and PGI, release from nearby uninjured endothelium; these vasodilators and platelet
antagonists then suppress VSMC proliferation at the site of injury (Dzau 1991). Another
theory proposes that ANGII regulates expression of VSMCs beta-transforming growth factor
(beta-TGF) (Gibbons 1990), as well as autocrine PDGF-AA (Dzau 1991). Beta-TGF inhibits
the proliferation of VSMCs, while PDGF-AA stimulates proliferation. Studies comparing

the effect of basic-FGF and ANGII with basic-FGF alone on VSMC in culture have

d d that the combination potentiates DNA synthesis (Gibbons 1989). Presumably
injury to the vessel results in the release of beta-TGF from the basement membrane, but
circulating ANGII, platelet-derived PDGF-AB, and basic fibroblast growth factor, override
the antiproliferative effects of beta-TGF. The net result is VSMC proliferation (Dzau 1991;
Gibbons 1989; Lindner 1991; Lindner 1991).
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3.12.6 Inhibitors of Insulin-Like Growth Factor-1 (Angi

Exposure of cultured VSMC to PDGF results in release of insulin-like growth factor-1

peptide (ILGF1P) into the medium. The ILGF1P acts synergistically with PDGF to promote

cell proliferation (Cl 1985). Inactivation of these growth factors would therefore

have the potential to inhibit myointimal hyperplasia. Angiopeptin and other analogues of
somatostatin have potent inhibitory effects on growth hormone release and ILGF1P
production. In rats, rabbits and pigs, angiopeptin inhibits (Lundergan 1991; Calcagno 1991;
Santoian 1992), intimal thickening that occurs in the carotid artery, a vein graft or a
coronary artery after balloon injury. It has been postulated that angiopeptin may inhibit
autocrine or paracrine regulation of cell growth. Since native somatostatin inhibits both

Iymphocyte proliferation and leukocyte migration, its synthetic analog angiopeptin may also

Y

exhibit antiproliferative effect in vivo (Lundergan 1991). However, this possibility remains

to be tested.
3.12.7 Alpha-Tocopherol (Vitamin E) and Free Radical Scavengers

Vitamin E (Boscoboinik 1991) and superoxide dismutase (Rao 1992), free radical
scavenging enzymes, have been reported to suppress VSMC growth in vitro (Boscoboinik
1991) and the antioxidant agent probucol has been shown to reduce intimal thickening in
a swine model of re-stenosis (Schneider .1992). These observations support 2 role for active
oxygen species (e.g. O5,H,0;, ‘OH) in the pathogenesis of the VSMC mitogenic response
(Boscoboinik 1991; Rao 1992).
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increase their synthesis of heparan sulphate or other antiproliferative factors and so lead to

" the inhibition of atherosclerosis and post-PTCA stenosis (Nabel 1991; Lynch 1992). These

possibilities are under active investigation.

3.12.11 Inhibi ignal T ion Path f Cell Division

In response to vascular injury, a variety of mitogenic stimuli (such as PDGF and

bFGF) induce activation of proto- such as c-fos, c-myc, and c-myb. These

observations have raised the possibility that nuclear proto-oucogene activation is a final
common pathway through which many diverse mitogenic signals converge and lead to DNA
synthesis and VSMC mitosis. Inhibition of this common pathway of cell proliferation by
antisense oligodeoxynucleotides results in marked inhibition of VSMC proliferation both in
cultured cells and in experimental animals (Shi 1993; Speir 1992). These findings provide
an opportunity for a new strategy for prevention of post-PTCA re-stenosis. To date, most

therapies used for the p ion of is after angioplasty have attempted to inhibit

the actions of a specific mitogen that acts on the VSMC surface.

3.12.12 1 Ve temic Administration of Anti

To block restenosis, agents such as heparin, corticosteroids, hirudin, ACE inhibitors,
and colchicine must be given in high doses. This results in adverse side effects which limit
their clinical utility. Local administration of these agents at the angioplasty site allows lower

doses to be used and may improve their applicability. The recent introduction of new
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3.12.8 Cyclosporin A (CyA)

T-Lymphocytes and monocytes are found in atherosclerotic plaques (Munro 1988;
Dartsch 1989) and in injury-induced myointimal proliferative lesions in the rat carotid
artery (Hanson 1993). To explore the potential role of these cells in intimal thickening, CyA
was administered to rats before balloon-injury. CyA inhibited intimal thickening two weeks

after balloon injury (Hanson 1993). Further studies are needed to confinn these findings.

3.129 Antineoplastic Therapy (Colchicine, Vincristine and Actinomycin D)

The process of VSMC proliferation has some similarities to benign neoplasia.
Accordingly, the possibility that antineoplastic therapy would prevent VSMC proliferation
has been tested. Colchicine therapy (Currier 1989) was administered to rabbits undergoing
angioplasty and was shown to inhibit post-PTCA re-stenosis. A combination of intravenous
vincristine and actinomycin D therapy also suppressed VSMC proliferation in rabbits 3 days
after endothelial injury to the aorta (Burath 1989). In addition to its inhibitory effect on
post-PTCA re-stenosis in experimental animals, colchicine has also been demonstrated to
have 2 beneficial effect on post-PTCA re-stenosis rates at 6 months follow up in patients

(O’Keefe 1991).

3.12.10 Modification of Genes at the Angioplasty Site
Recent advances in DNA technology have made it possible to modify genes. Genetic
material can be introduced into cells using lysosomes and/or viral vectors (Nabel 1991).

Both endothelial and smooth muscle cells could be targeted and functionally modified to
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technology such as coronary angioscopy and echocardiography (Mancini 1991) provides a
means for precise local administration of these agents (Bonan 1992; Hong 1992; Liu 1992;

Villa 1992) using a new perforated angioplasty catheter (Wolinsky 1990; Wolinsky 1991).

3.13 New Devices and Techniques for Lumen Stenosis

With the aid of advances in medical technology, new atherectomy devices (mechanical
drills, laser or ultrasound catheters) have been developed (Kaltenbach 1989; Kensey 1987;
Foschi 1990; Siegel 1988; Kaufman 1989; Sanborn 1991). Their major disadvantages are
high rates of vessel wall perforation, associated with drill and laser techniques, and failure
of ultrasound catheters to recanalize the non-calcified fibrotic lesion. A variety of
intraluminal devices such as vascular stents have been developed and are currently under
clinical evaluation (Schatz 1991; Seurruys 1991). The stent is introduced into the coronary
artery on an angioplastic catheter. At the point of stenosis it expands and keeps the stenotic
lumen open. However, to date the re-stenosis rates associated with stents has not been well
documented. In an attempt to prevent re-stenosis, a slow release vehicle containing
antiproliferative agents has been incorporated into stents (Levy 1992), but further evaluation

is needed to assess the potential benefits of these approaches.

4 RL

To explore the role of anti lant therapy in p ing rethrombosis following

g

fibrinolysis and coronary post-PTCA re-stenosis, we developed animal model systems 2) to

compare heparin and ATIII-independent thrombin inhibitors in terms of their ability to
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accelerate clot lysis and to prevent reocclusion after tPA-induced thrombolysis: and b) to

evaluate various thrombin inhibitors in terms of their ability to prevent injury-induced

stenosis.

4.1 Rat Model of tPA-In Thrombolysi

4.1.1 Reagents: Ti type plasmi i (Lot number L9124AX) was provided
by Genentech, Inc., San Francisco, CA, while r bi phatohirudin (rHHS5-7033)

was a gift from Dr. R.B. Wallis, Ciba-Geigy Pharmaceuticals, West Sussex, UK. and hirulog

(BG8967), was supplied by Biogen, Inc., Cambridge, MA. Unfractionated sodium heparin

derived from porcine i inal mucosa was p! d from Organon Teknika, Inc.,, and

PPACK was obtained from Calbiochem Corp., San Diego, CA.

4.1.2 Surgical Procedures: Fifty-eight male Sprague Dawley rats (500-750g) purchased from
Charles River of Canada were included in the study. The rats were anaesthetized with a
mixture of 50% oxygen, 50% nitrous oxide, and 1 to 3% Isoflurane (Forane, Anaquets, A

Division of Canadian Oxygen Limited, Mississauga, Ontario, Canada) introduced into an

‘hecia chamb

of a rodent heti hine (Med-Vet A hetic System Inc.,#

466 Briar Hill Avenue, Toronto, Ontario, Canada). Once induced, anaesthesia was
maintained with the same mixture given by mask. Both external jugular veins and the right
common carotid artery were then exposed through midline cervical incision. The right and
left jugular veins were cannulated using polyethylene catheters (PE# 60, Intramedic Non-

Radiopaque Polyethylene Tubing, Clay Adams, Division of Becton Dickinson and Company,
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Omnipaque 350 Winthrop Laboratories, Aurora, Ontario, Canada).

Two tourniquets were then placed S mm apart above and below the stenotic portion
of the aorta, and the lumen was totally occluded for 30 minutes. The combination of
endothelial injury and vascular stasis resuited in spontaneous thrombus formation. The

tourniquets were then removed. Blood flow, and pre- and post tic arterial p

were continuously monitored. Animals were excluded from further study if there was
spontaneous clot lysis (n=3), if t-PA failed to produce thrombolysis (n=7), or if the animal

died prior to completion of the study (n=4). Thus, a total of 44 rats completed the study.

4.1.4 Experimental Protocol: All animals were givena 1 mg/kg bolus of t-PA, followed by
an infusion of 1 mg/kg over 30 minutes. In addition, the animals were randomly assigned
to one of five treatment groups; Group I: bolus of 1 ml/kg saline followed by a
maintenance infusion of 2 ml/kg/hr over 80 minutes; Group Il: bolus of 40 U/kg heparin
followed by a maintenance infusion of 40 U/kg/hr over 80 minutes; Group III: bolus of 1

mg/kg hirudin followed by a maintenance infusion of 2 mg/kg/hr over 80 minutes; Group

IV: bolus of 0.6 mg/kg hirulog followed by a mai infusion of 2 mg/kg/hr over 80

minutes; and Group V: bolus of 0.5 mg/kg PPACK followed by a maintenance infusion of
1.4 mg/kg/hr over 80 minutes. In each group, the volume of infusion was identical.

The doses of antithrombotic agents were chosen based on pilot studies which

q

ated that these prolonged the activated partial boplastin (APTT)

time 4-fold over baseline values. All drugs were initiated 10 minutes after the release of

occlusive tourniquets. The t-PA infusion was given over 30 minutes, whereas the saline cr
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Parsippany, New Jersey, USA) attached to a 21 gauge needle ( B-D needle 20 gauge 1 inch

long, Becton Division and Company, Franklin Lakes, NJ, USA) for drug administration.
The right common carotid artery was also cannulated for simultaneous recording of arterial
blood pressure on 2 Dynograph R-711 physiologic recorder (Beckman Instruments, Inc.,
Fullerton, CA, USA). The right external iliac artery and the abdominal aorta were isolated
through 2 midline laparotomy incision. A No.2 Fr Fogarty catheter (Arterial Embolectomy
Catheter # 2 Fr., Baxter Healthcare Corporation, Edwards LIS Division, Santa Ana, CA,
USA) was then introduced into the right external iliac artery and a cuff-type ultrasonic
blood flow meter (Model T101, Transonic Systems, Inc., Ithaca, NY, USA) was placed
around the aorta immediately proximal to the bifurcation. After 10 minutes stabilization,

the baseline blood flow was determined.

4.1.3 Induction of Arterial Thrombus: To produce endothelial injury, the Fogarty catheter
was advanced into the distal abdominal aorta, the balloon was inflated with 025 to 03 ml
of air, and the catheter was then passed up and down 13 times over a 30 mm length of
aorta. After deflating the balloon, the Fogarty catheter was removed, and a catheter
composed of PE# 50 tubing was placed in the right external iliac artery to monitor the post-

stenotic arterial p! To produce stenosis, the of aorta immediately distal to

the right renal artery was externally constricted by 3 ligatures tied 1 mm apart around a 21
gauge needle. The needle was then carefully withdrawn leaving the ligatures in place. This
technique produces stable, high-grade stenosis. We demonstrated this stenosis in early pilot

studies using contrast media, and defined the extent of stenosis by angiography, (2-3 mi of
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antithrombotic agents were administered for a totai of 80 minutes. Thus, the antithrombotic

agents or saline were administered for an additional 50 minutes after the t-PA infusion was

terminated. In this way, the effect of these drugs on rec clusion could be ined.
4.1.5 End Points: The ic, and pre- and post: ic arterial p and blood flow

were recorded continuously. Based on these measurements, the following end points were
determined: (a) the time to lysis; the time (in minutes) required to restore blood flow, (b)
the number of reocclusions (a reocclusion was defined as a fall in blood flow and post-
stenotic arterial pressure to values recorded prior to t-PA infusion); (c) percentage of time
the vessel remained patent (the total amount of time that the vessel was patent was
expressed as a percentage of the total 80 minutes study period); and (d) the number of

reocclusions per hour.

4.1.6 APTT Analysis: The APTT was measured before, and 15, 30, 45 and 80 minutes after

drug APTT were obtained by placing

three drops of whole blood drawn directly from an arterial line into 2 Biotrack Coagulation
Monitor fitted with an APTT test cartridge (Ciba-Corning Diagnostic Corp., Medfield, MA,
USA).

4.1.7 Statistical Analysis: Analysis of variance was used to compare the data in the various

treatment groups. The Duncan test was used for multiple comparisons.



42 Rat Model of Injury-Induced Stenosis

4.2.1 Pilot Study: Assessment of Anticoagulant Effects of Stdh, Lmwh, Hirudin in Rats
The effect of stdh, Imwh, hirudin, and saline on blood coagulation assays was
established in 20 male, retired breeder Sprague-Dowley rats (purchased from Charles River
of Canada) with average weight of 450 g. Each agent was tested in 5 rats.
Anaesthesia: Anesthesia was induced using 2 mixture of 50% oxygen, 50% nitrous
oxide and 1 to 3 % of isoflurane (Forane, Anaquest, Mississauga, Ontario, Canada, A
Division of Canadian Oxygen Limited) delivered with a rodent anaesthetic machine (Med-

Vet Anaesthetic System Inc., Toronto, Canada) into an induction chamber. A hes:

was

maintained with the same gas mixture delivered by a face mask.
Surgery: The ventral area of the neck was shaved and surgically prepared. The left

common carotid artery was cannulated and used for blood collection. The free end of the

la was occluded with a stainless steel pin, lled sub ly to the nape of the
neck and exteriorized. The cannula was secured in place with 2 sutures and the skin was
closed in a routine manner. Following the surgery, the rats were randomly allocated into

one of five treatment groups.

Anticoagulant Treatments: All rats ived single sc. injection of the following agents:

group I (n=5) received stdh in a dose of 2 mg/kg, group II (n=>5) received low molecular

weight heparin (Enoxaparin® in a dose of 10 mg/kg, group IIl (n=>5) was given hirudin, 6

mg/kg, whereas group IV (n=>5) served as a control and was given 1 ml/kg of saline.

Reagents: Stdh and hirudin were of the same origin as those ones used in the

422 Pilot Studv: Evaluation of Degree of Balloon-Induced Injury in Rat Comm roti

Artery

Sixteen Spraque-Dawley male rats weighing between 500 to 650 g (retired breeders),
were purchased from Charles River of Canada. After anesthesia was induced, as previously
described, the ventral cervical area was shaved and the external carotid artery was exposed
through 2 midline cervical skin incision by splitting the cervical muscies at the level of the
mandibular angle. A 5 mm segment was ligated distally with a2 4-0 silk suture and a small
tourniquet (consisting of 4-0 silk suture covered with PE# 60 tubing) was then placed
proximally (just proximal to the external carotid ramification of the common carotid artery)
to occlude blood flow. A Fogarty catheter (# 2 Fr.) was inserted through a small
arteriotomy and was advanced through the common carotid artery into the aortic arch. The
balloon was then inflated with 0.3 m! of air and the vessel wall was damaged by ten passes
over the entire length of the artery. The catheter was removed, and after closure of the
arteriotomy with 2 4-0 silk sature, the skin incision was closed using 4-0 Dexon interrupted
sutures. The rats were then randomly allocatq_d into four groups (4 rats/group) and the
extent of arterial injury was evaluated usiné four different methods, () quantitative
angiography (n = 4), (b) Evan’s blue staining (n = 4), (c) light microscopy (n = 4), and (d)
scanning electron microscopy (n = 4). Each of these methods is briefly described below.

(2) _Quantitative Angiography: A catheter (PE3 180 tubing connected to B-D # 16
gauge. 1.5 inch needle) was introduced into the left ventricle through a small sternotomy
incision. A ventro-dorsal radiograph was taken after injecting 3 m! of Omnipaque # 350

(Winthrop Laboratories, Aurora, Ontario, Canada) using 2 Phillips 6 inch Image Intensifier
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fibrinolytic study. Lmwh (Enoxaparine®, 100 anti-Xa units/mg) was provided by Rhone-

Poulenc, 8580 Esplanade, Montreal, Quebec, Canada.

Biood Sample Collection: At 0.5, 1, 3, 6 hour intervals after sc. injection of hirudin,
and also at 12 hours following the sc. injections of stdh, lmwh and saline, 700 g1 blood was
collected into microcentrifuge tubes (#500, Quality Scientific Plastic) prefilled with 70 ul
of 3.89% trisodium citrate. Blood volume lost as a result of blood collection was replaced
with an equivalent volume of Lactated Ringers’ solution. After mixing the blood with the
anticoagulant, the samples were centrifuged for 15 minutes at 10,000 rpm using a Fisher
microcentrifuge model 235A (Fisher Scientific Company, USA). The platelet poor plasma
was then removed and stored in aliquots at -70°C for thrombin clotting time determination.

Assays: Thrombin clotting times (TCT) were measured using 2 U/ml of thrombin
(Park Davis, Canada) in a calcium buffer system. Fifty microliters of rat plasma was added
to 150 ul of buffer containing calcium and SO pl of thrombin. The end point, fibrin
formation, was determined using a semi-automated instrument, ST4 (Diagnostica Stago ,
Wellmark, Guelph, Ontario, Canada).

At each time interval, the activated partial thromboplastin time (APTT) was

' d by collecting blood from the arterial cannula directly into an
APTT test cartridge fitted into a Biotrac Coagulation Monitor (Ciba-Corning Diagnostic
Corp., Medfield, MA, USA).

Statistical Analysis: Analysis of variance (ANOVA) was used to evaluate the

diffe b means, and unpaired student t-tests were used to compare the results

of each time interval within the different treatment groups.
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(XG-3000-SPX-5.67), and Super 100 Three-Phase X-ray Generator (Holland) set to 60 kV

and 1/70 seconds. The X-ray image was projected onto an 8 x 10 inch cassette (Hasley X-

Ray Products Inc., Brooklyn, New York, USA) that was positioned under the rat and filled

with Kodak TML film (Kodak Canada Inc., 3500 Eglinton Avenue West, ‘Toronto, Ontario,
Canada). Exposed film was processed using 2 Kodak RP X-Omat Processor (Model #
MGAM, Kodak Canada Inc.). The luminal diameters of the injured and control carotid
arteries were measured directly from the radiograph positioned on a X-ray film viewer using
a Mitutoyo digital calliper (Model CD-6" P, ITM Instruments Inc., 5715 Kennedy Road,
Mississauga, Ontario, Canada).

(b)_Evans Blue staining: Rats were given 50 mg/kg Evans Blue (Sigma Chemical

Company, St. Louis, MO, USA) which was diluted in 1 ml of saline and given as a bolus
into the penile vein immediately after balloon injury. The animals were euthanized 30
minutes later with a barbiturate overdose. Just prior to euthanasia, each rat was given 1,000

1U of stdh (Leo Laboratories, Ajax, Ontario, Canada) intravenously through the penile vein.

Both common carotid arteries were then d, opened longitudinally, and photographed.

(c) Light Microscopy: After draining the blood by ing the external jugular veins

and the cranial vena cava, the rats were infused with Kreb’s solution containing 1 U/ml
heparin followed by formaldehyde under 100 mm Hg pressure. After pressure fixation, the
carotid arteries were resected, and 3-mm cross sectional segments fror the middle part of

both the control and denuded carotid arteries were submitted for light microscopic

luation. The sections were embedded in paraffin and 5-um sections werz stained with

haematoxylin-eosin and viewed at 10, 20, 100, and 400 X magnification.
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(d) _Scanning Electron Micros EM): After balloon injury, the abdominal aorta
was cannulated under partial ortic occlusion using PE# 180 tubing fitted to a 16 gauge
needle. Heparin (1,000 IU/kg) was given, and 60 minutes later the rats were euthanized
with an intravenous injection of 250 mg of Pentobarbital. Both external jugular veins and
the cranial vena cava were transected for venous drainage, and the arterial tree was then
perfused with Kreb’s solution for 10 minutes and then pressure-fixed by infusion of 2.5%
glutaraldehyde for five minutes under 100 mm of Hg pressure. Both carotid arteries were
resected and prepared for SEM as follows. The carotid arteries were opened longitudinally
and the adventitial surface was glued onto a coverglass with cyanoacrylic glue (Eastman
Kodak 910, Toronto, Canada). The flattened and glued arteries were then immersed for
two hours in 1% OsO4 buffered with 0.1 M sodium cacodylate, after which they were
dehydrated in a Bomar Spec 90 critical poiat drier, sputter coated with gold for 1.5 minutes
using a Polaron sputter-coater, and then examined with 2 Philips 501 B scanning electron

microscope at 15 kV accelerating voltage.

423 in Inhibis n_Injury-I roti is:
imen! S

A total of 75 Sprague-Dawley male rats (retired breeders from Charles River of
Canada) weighing 500 to 550 grams was used for these studies. The rats were randomly
allocated into one of five treatment groups. The first dose of the selected treatment
(labelled I to V) was intravenously administered through the penile vein immediately prior

to balloon injury. Subsequent treatment was given by sc. injections at appropriate time
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prepared according to the factory recommendations using Batson’s #17 resin cast kit
(Analychem Corporation Lid., Victoria Pk. Avenue, Markham, Ontario, Canada) and was
infused under 100 mm of Hg pressure via the thoracic cannula for approximately 45 minutes.
Once hardened, the aortic and carotid artery resin casts were resected together with the

surrounding arterial wall sheath and were stored in 10% buffered formaldehyde soluti

The tissue sheath was slipped over the cast and used for histological assessment. Resin casts

were flushed in tap water and then stored.

(c) _Planimetry: The most stenotic segment of the injured carotid artery was

identified by examining the angiographic films and the resin cast. A 3 mm section
containing the most stenotic area was resected together with the corresponding segment of
the contralateral noninjured vessel and was submitted for histology. Each carotid artery

segment was embedded in paraffin, cutinto 5 pm cross- i stained with h: 1

eosin, and then assessed by planimetry.

men men Angi Resin m Pl
a) Angiographic assessment: The diameters of the most stenotic portion of the injured

artery and the corresponding uninjured artery were measured using a Mitutoyo digital

calliper directly from X-ray films. The cross-sectional areas of the most stenotic segment of

the injured and the corresponding uninjured artery were calculated and the luminal area (i.e.
stenosis) of the injured vessel was expressed as a difference in % of the cross-sectional area

of uninjured artery - injured artery as follows:

% Stenosis = 100 - (7 Ppo/ T 2 ) X 100

b) Resin cast assessment: A 10 mm that ined the most ic lesion

intervals. Both the surgeon and the technician were blinded as to treatment allocation, with

the exception of the sham group. Treatment groups consisted of:

Group I (n=15), saline 0.5ml/kg sc., bi.d. for 7 days (1 ml/kg/day).

Group II (n=15), stdh in a dose of 2 mg/kg sc, bid. for 7 days (4 mg/kg/day in 1ml).

Group Il(n=15), Imwh 10mg/kg sc., bid. for 7 days (20 mg/kg/day in iml).
Group IV (n=15), hirudin 6mg/kg sc.q.i.d. for 7 days (24 mg/kg/day in 1 ml).
Group V (n=10), sham, skin incision only.

Once the first dose of treatment was given to the rats, Groups I-IV then underwent
balloon injury to either the left or right common carotid artery. In contrast, the 10 rats in

Group V served as a control group and underwent skin incision but no carotid injury was

performed (sham).

Reagents: Stdh, hirudin, and lmwh were obtained from the same sources as those used

in the pilot study.
End Point Assessment

Two weeks after balloon injury, all 75 rats were euthanized and the extent of stenosis

was evaluated using three different methods, a) quantitative angi hy, b) resin casting,

and ¢) planimetry. In each case, the damaged vessel was pared with the

vessel. The techniques are described below.

(2) Ouantitative Angiography Procedure : Quantitative angiography was performed as

described in Section 4.2.2a and in each animal the diameter of the left and right common

carotid artery was compared.

(b) Resin Casting Procedure : After pressure fixation, five millilitres of resin cast was
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was cut from the cast of the injured artery and a corresponding segment was cut from the
uninjured vessel using a specially designed cutter. The cast segments were wéighed on an
electronic balance (Mettler basic balances # BB 244, Mettler Instrument AG, CH-8606
Greifensee, Switzerland). As an index of stenosis, the difference between the weight of the
cast of the control artery and the injured artery were expressed as a percentage using the
following formula:
% Stenosis = 100 - [(Wyy/Wiyy) x 100]
where wtp= weight of injured carotid cast
and wtyy = weight of uninjured carotid cast
(c) Morphometric/Planimetric Analysis: Using magnified prints of histologic slides of
carotid cross-sections the lumen-neointima boundary (B), internal elastic lamina (LE.L.) and

the external elastic lamina (EEEL.) circumft were d using a ized

planimetric system (Kontron Mop-Videoplan, Carl Zeiss Canada Ltd., 45 Valleybrook Dr.,
Don Mills, Ontario, Canada, M3B 256). The luminal intima and medial areas were
calculated by first using the formula Perimeter (P) = 27 r. From the equation for
perimeter, the radius (r) of each of the boundary, LE.L. and E.E.L. was calculated for both
the injured and uninjured arteries. The Luminal Area (Ao) of both the injured (A0,;) and
uninjured arteries (AQ,,) was then calculated using the formula Ao = #r. The cross-

sectional area of lumen of injured artery was

P dasap ge of the uninjured
artery using the formula % = [( AOpy/ AOyy) x 100].
Intimal Thickening (A,y: The cross-sectional area of intima (neointima) was calculated

from the injured internal elastic lamina (L.E.Lyy) and boundary (B) as follows:



n

A, = 7 x (LELyy/ 27) -7 x (B/ 27)°

The neointimal area of injured artery was expressed as a percentage (%) of luminal

cross -sectional area of control artery using the following formula:
% of Intima = [(A; g/ A un) X 100]
Medial area (A,)

The cross-sectional area of media was calculated as a difference between area

calculated from E.E.L. and LE.L. for both injured and uninjured vessels as follows:
A, = 7 x (EEL./2x) - 7 x (LEL./ 27)*

Difference in Area = Ajun. - Ayinj. (A un. = 100%)

A positive number indi ad in the cr ional area of media of the injured
artery while a negative number indi an i in the area of the injured artery.

In the final analysis, the calculated medial cross-sectional area of the injured artery was

expressed in a percentage (%) of the area of contralateral uninjured artery as follows:
% _of vasoconstriction = 100 - [(A; un. / A, inj.) x 100]

Ay =7x(LEL/27)

R 5. R L
51 Adjunctive sisting of rin TIII-1 i
Inhibi n tPA In inolysis an rombosis in i
Thrombosis
Thrombus Formation and Ti PA-In i
3

point, heparin and hirudin produced a greater prol ion of the APTT than did PPACK
or hirulog.
52. Rat Model of Injury-Induced Carotid Artery Stenosis:
521 Pil s nt of Anti lant E h, Lmwh, and Hi
Model:

Stdh (2mg/kg) prolonged the APTT more than 7-fold and the TCT more than 6-fold
over the baseline values throughout the 12 hour observational period.

Lmwh (10mg/kg) prolonged the APTT 2.5-fold over the baseline value during the first
three hours; however, by 6 hours, the APTT had returned to near baseline levels.

Hirudin (6mg/kg) prolonged the APTT 2.5-fold and the TCT more than 4.5-fold over
the baseline for the entire observational period of 6 hours.

Saline (1ml/kg) had no effect on the APTT or TCT.

The effects of stdh, tmwh, hirudin and saline treatment on coagulation assays (APTT
and TCT) at 0, 0.5, 1, 3, 6 and 12 hour time intervals after sc. injection are summarized

in figure 9.

522 Pil luation n-In
Artery:

Evans Blue: All denuded arterial surfaces stained blue while control flow surfaces
remained unstained (see figure 10) since the Evans blue only binds to subendothelial

structures and does not stain intact endotheliur.
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A total of 44 rats was investigated. The application of the external constrictor produced
> 95% stenosis of the distal aorta as demonstrated by angiography (figure 2). The
combination of stasis and endothelial damage resulted in formation of a thrombus rich in
red blood cells and fibrin (figure 3), which occluded the vessel and eliminated blood flow.
The time to restoration of blood flow after tPA administration represents the time to clot
lysis. The mean times to clot lysis and their associated SE were as follows: saline (n=12)
105 + 1.6, heparin (n=7) 6.7 22, hirudin (n=7) 7.4 £ 22, hirviog (n=9) 44 * 1.9 and
PPACK (n=9) 42 * 19 minutes . Hirulog and PPACK administration significantly
(p=0.02) shortened the time to t-PA-induced lysis as compared to the saline control,
whereas heparin and hirudin did not (figure 4).

N i f Bl Flow an lusion

t-PA restored blood flow in ali animals included in the study. However, with
concomitant saline treatment, there was cyclical lysis and reocclusion (figure 5). Although
heparin had virtually no effect on this pattern of blood flow, all of the other agents
significantly (p < 0.002) reduced the number of reocclusions and significantly (p < 0.002)
increased the portion of time that the vessel remained patent in the 80-minute period of
observation (figure 6). Comparing the number of reocclusions during the time the vessel
remained patent, hirudin, hirulog and PPACK significantly (p < 0.05) reduced the number
of reocclusions whereas heparin did not (figure 7).

APTT Results: There was 1o prolongation of the APTT in the control animals given
saline and t-PA (figure 8). In contrast, heparin, hirudin, hirulog and PPACK produced an
pproximately 4-fold prol ’

gation of the APTT significantly. Except at the 80 minute time
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Light Microscopy: Occasional tears in the intima and/or media were seen. Nointact

endothelium remained after balloon injury and occasional platelet aggregates, white cells,

and fibrin were seen on the subendothelial surface (see figure 12).

Scanning Electron Microscopy: No intact endothelium remained in the balloon-

injured arteries. Clumps of platelets and fibrin were occasionally seen (see figure 11).

Angi hic Evaluation men Following Ball i

There was no significant difference in lumen diameter between injured and uninjured

common carotid artery immediately after the balloon injury. A representative example of
an angiogram of the common carotid arteries immediately after balloon injury to the left

common carotid artery is shown in figure 13.

523 Effect of Thrombin Inhibitors on Injury-Induced Carotid Artery Stenosis :
men smen Angi i\

An example of an angiogram two weeks after balloon injury to the let cormmon carotid

artery is shown in figure 14. In the control (Saline group) balloon injury produced
significant (p<0.0002) stenosis when compared with the sham group (22.9 * 3.0 and -0.04
* 1.6%, respectively). Standard heparin and hirudin did not signiﬁqlhtly reduce the amount
of stenosis. In contrast, Lmwh significantly (p < 0.008) reduced injury-induced stenosis from
229 + 3.0% to 88 + 7.8%. )

These results are summarized in figure 15 and table L
tenosi: ) i Resin in;

An example of 2 resin cast of the common carotid arteries and the aortic arch made
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two weeks after halloon injury is shown in figure 16. A 10 mm segment of resin cast that

contained the most stenotic segment was cut from the damaged carotid artery 2nd 2
corresponding segment was also cut from the noninjured vessel. The weight of these
segments were then compared, with the difference reflecting the degree of injury-induced
stenosis. Using this surrogate index of stenosis, the saline treated control animals developed
significant (p < 0.0002) stenosis 2 weeks after balloon injury when compared with the sham
treated group (46.7 + 4.8% and 1.9 * 3.5%, respectively). Treatment with stéh or hirudin
had no significant effect on the extent of stenosis (349 * 59% and 334 * 73%,
respectively). In contrast, treatment with lmwh significantly (p < 0.006) decreased the
stenosis from 46.7 & 4.8% to 22.5 + 83%). Figure 15 and table I summarize these results.
i in, n nim int of Maximal i

Histologic cross sections of injured and noninjured common carotid arteries are shown
in figure 18.

Balloon injury caused considerable neointima formation. Thus, compared to the sham
group in which there was no measurable intima, there was 2 21.8 + 3.4% increase in the
percent of the lumen occupied by neointima (p < 0.001). Stdh and hirudin had no effect
on neointima formation (22.0 + 4.1 and 219 * 22%, respectively). In contrast, Imwh
significantly (p < 0.005) reduced the neointimal cross-sectional area from 21.8 + 34% to

113 + 2.1%. These results are summarized in figure 17 and table L

Planimetry: Balloon injury produced a 28.6 + 73% increase in the cross-sectional area of

media. The cross-sectional areas of media were 15.0 * 8.9%, 19.9  6.9%, and 132 + 53%
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independent inhibitors are more effective than heparin at preventing reocclusion (figures
5 and 6) and increasing the percentage of the time that the vessel remains patent (figure 6).
Furthermore, hoth hirulog and PPACK accelerate the time to clot lysis (figures 4 and 5).

The aim of adjuvant therapy i to limit fibrin accretion during the thrombolytic

process and to prevent reocclusion after thrombolysis. There is evidence that thrombolytic
therapy induces a procoagulant state which retards clot lysis. The procoagulant state is only
partially inhibited by heparin (Rapold 1990; Weitz 1991). The activation of the coagulation
system during thrombolysis is believed to occur through a number of mechanisms.
Thrombin bound to fibrin (Weitz 1990), to the subendothelial matrix (Bar-Shavit 1989), or
to soluble fibrin degradation products (Weitz 1991) is protected from fluid-phase inhibitors
and hence can amplify the coaguiation pathways. Plasmin can contribute to thrombin
generation by directly activating prothrombin (Eisenberg 1988), factor V (Lee 1989), or
contact factors (Ewald 1993).

While heparin is effective at inhibiting free thrombin and thrombin generated by the
action of plasmin (Eisenberg 1988), it is limited in its ability to inactivate thrombin bound
to fibrin (Weitz 1950), fibrin degradation products (Weitz 1991), or to the subendothelial
matrix (Bar-Shavit 1989). In contrast to heparin, the ATTH-independent inhibitors are able
to inhibit thrombin bound to these sites. As a result, the direct thrombin inhibitors are
better than heparin at preventing rethrombosis, and PPACK and hirulog also accelerate
thrombolysis.

Using various experimental animal systems and humans, other investigators have also

d d that ATII-independent thrombin inhibitors shorten the time to lysis and
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in animals given stdh, hirudin, and lmwh, respectively; values were not significantly different
from that in the saline control group. Thus, none of the treatments significantly affected the
increase in the cross-sectional area of media that occurred after injury. The results are
summarized in figure 19.

Balloon Injury-Induced Vasoconstriction as Determined by Planimetry: There was a
trend for more vasoconstriction in the animals given stdh, lmwh, and hirudin than was seen

in the saline-treated control group (figure 20), but these differences were not significant.

HAPTE! RAL DI TON
6.1 Rat Model of tPA Induced Thrombolysis:
Our rat model of tPA-induced thrombolysis was developed in order to determine

whether thrombin inhibitors administered in doses which produced equivalent antithrombi

q

effects ex-vivo are equal in terms of their ability to accelerate lysis and to prevent

reocclusion. In this model, an external tourniquet was placed around the distal aorta with

ly ged intima. The

ion of vascular injury and severe stenosis (figure

2) resulted in formation of a thrombus rich in red cells and fibrin (figure 3). Because of the

marked stenosis (figure 2), cyclical lysis and lusion followed sful tPA-ind
thrombolysis and restoration of blood flow. This process is similar to events seen in other

animal models (Hugh 1977; Gold 1988; Shebuski 1990), and in patients (Pompa 1991).

Using this arterial thrombolysis model, we eval d the effectiveness of a number

of thrombin inhibitors when used as adj in tPA-induced thrombolysis. In doses

Ppr g eq ion (as determined by APTT, see figure 8), ATIII-
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prevent reocclusion equally or more effectively than heparin (Gold 1988; Shebuski 1990;

Neuhaus 1993; Lidon 1993). Recent studies in humans support these concepts. Thus, Lidon
et al. (1993) performed a phase II study in patients with acute myocardial infarction that

compared hirulog with heparin in terms of their effect on early angiographic patency rates

when used in conjunction with streptoki A total of 45 patients entered the study, and
patients were randomized in a two-to-one fashion to receive either hirulog (30 patients) or
heparin (15 patients) concomitant with streptokinase (1.5 million U over 90 minutes) and
aspirin (325 mg). Heparin was given at a dose of 1000 U/hr, adjusted according to the
activate partial thromboplastin time, whereas hirulog was started at a dose of 0.5 mg/kg/hr,
and after 12 hours, the dose was increased to 1.0 mg/kg/hr. Coronary patency (TIMI grade
2 to 3) was higher in the hirulog group than in the heparin group at 90 minutes (82% and
29%, respectively; p < 0.01) and 120 minutes (86% and 43% respectively; p < 0.005). In
addition, a trend was found for less bleeding in the hirulog group. These findings indicate
that hirulog is better than heparin at accelerating streptokinase-induced thrombolysis
presumably because it is a more effective inhibitor of clot-bound thrombin.

The superiority of the direct thrombin inhibitors on heparin was also shown in a
second study (TIMI 5 Trial Group 1993). This study included 214 patients with acute
myocardial infarction who received t-PA and aspirin and were randomized to receive either
concomitant hirudin or heparin. Patency at 18 to 36 hours was higher in patients given

hirudin than in those given heparin, and there were fewer lusi These beneficial

effects were seen in the absence of increased bleeding events. Thus, the studies in humans

support our findings in experimental animals that the direct thrombin inhibitors are better



than heparin in the setting of thrombolytic therapy.
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for these differences are unclear, we took greai efforts to limit the amount of

vasoconstriction. For example. in pilot we ensured that the resin casting material and the

62 mmmmﬂmmwwmz'
Smooth muscle cell hyperplasia, vasoconstriction and thrombosis are involved in the

pathogenesis of stenosis seen in atherosclerosis (Fuster 1992; Fuster 1992) and in the re-
stenosis which occurs in about 30% to 40% of cases following PTCA {Leimgruber 1986;
Mata 1985; Chesebro 1987). A role for thrombin in the mechanism of stenosis has been
suggested, since this enzyme has the potential to regulate all of these processes (Moon 1989;
Inoue 1989; Yanagisawa 1988; Fenton 1988; Vu 1991; Vu 1991; Hung 1992; Coughlin 1992;
Glenn 1988; Carney 1992). Recently thrombin has also been shown to stimulate VSMC
proliferation (Bar-Shavit 1990; Wilcox 1992; Vu 1991; Vu 1991).

To test the possibility that thrombin modulates injury-induced stenosis, we used stdh,
Imwh and hirudin at concentrations that produced similar prolongation of the TCT (fgure
9). All of the agerits were administered for one week.

In this model, balloon injury was used to prod dothelial denudation (figure 10 and

11) and medial damage (figure 12). Within two weeks, balloon injury caused significant
stenosis of the carotid artery as assessed by angiography (figure 152), resin casting (figure
15b), and morphometry. The morphometric studies demonstrate that this stenosis is due to
neointimal hyperplasia (figure 17).

In our model system, there was little vasoconstriction 2 weeks after balloon injury.
In contrast, other investigators (Clowes 1983) have suggested that vasoconstriction is an

important contributor to the stenosis that occurs after vascular injury. Although the reasons
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7.2 10 24 mg/kg. In contrast, we used only 4 mg/kg/day.

The mechanism by which non-anticoagulantly active heparin prevents smooth muscle
cell proliferation is unknown. Our studies are consistent with the concept that this effect
is not due to thrombin inhibition. It hizs been shown that heparan sulfate, which is
synthesized by vascular smooth muscle cells and endothelial cells (Kjellen 1980; Kanwar
1979; Hedman 1982; Fedarko 1986; Fritz 1985), has antiproliferative properties (Castellot
1981; Fritz 1985; Wright 1989; Castellot 1987; Casteltot 1982). Vascular injury causes the
release of heparitinase from alpha-granules of platelets (Wright 1989) which can degrade
surface-bound heparan sulfate thereby converting the smooth muscle cells into 2 synthetic
phenotype. By competing with heparan sulfate for heparitinase, large concentrations of
heparin or low molecular weight heparin prevent degradation of surface-bound heparan-
sulfate (Mutoh 1993). Since these agents act as competitive inhibitors, their effects are
dose-dependent (Castellot 1984; Reilly 1986; Wright 1989). Only high concentrations
(Clowes 1985; Wilson 1991; Dryjski 1988; Guyton 1980; Currier 1991) will have this
protective effect thereby explaining why low molecular weight heparin, but not standard
heparin, was effective in our study.

We conclude that (a) thrombin does not play 2 significant role in the pathogenesis of

stenosis and intimal thickening following

giof and (b) the inkibitory effect of lmwh

on injury-i

d stenosis reflects its i lant fractions as suggested by

others (Castellot 1984; Wright 1989).

6.3 Future Directions

Omnipaque did not induce vessel constriction.

In the present study, only lmwh inhibited injury-induced stenosis. Standard heparin
and hirudin failed to block the stenotic process when used at concentrations with equivalent
anti-thrombin activity. The failure of hirudin to prevent stenosis suggests that the
effectiveness of lmwh is not the result of its ability to block thrombin. This concept is

4

supported by the work of other i who

£ d that non-anti lantly

active fractions of heparin have antiproliferative effects both in cultures of smooth muscle

cells (Castellot 1984; Castellot 1987; Wright 1989) and in vivo (Guyton 1980). In fact,

heparin fr assmallash ides have antiproliferative effects in tissue culture
systems (Castellot 1984; Castellot 1987; Wright 1989).

Unlike Imwh, standard heparin did not block stenosis in our model system. However,
we used these agents in concentrations that produced equivalent prolongation of the TCT.
Thus, the total daily dose of Imwh was 20 mg/kg while that of standard heparin was only
4mg/kg. Since imwh has 2 mean molecular weight about one-third that of standard heparin
(5,000 and 15,000, respectively), we estimate that we delivered about 15-times more
molecules of Imwh than standard heparin. Based on these considerations, the lower dose
of standard heparin is the most likely explanation for its failure to exert an inhibitory effect
on stenosis. This concept is supported by a review of the literature that demonstrates a
beneficial effect of standard heparin on blocking stenosis (Clowes 1985; Wilson 1991;

Dryjski 1988; Guyton 1980; Currier 1991; Edelman 1994) when it is used in daily doses of

Thrombolysis:

Our studies have demonstrated that the direct thrombin inhibitors are better than
heparin at accelerating pharmacologic thrombolysis with +-PA. Further experiments could
be done te determine whether these agents also accelerate endogenous fibrinolysis. To
examine this possibility, we have developed 2 rabbit model of jugular vein thrombosis. In
2 pilot study, rabbits with jugular vein thrombi were randomized into three treatment
groups. Group 1 reczived 12 hours of treatment with hirudin, Group 2 received 12 hours
of treatment with heparin while Group 3 served as controls and were given 12 hours of
saline. Approximately 60 h later the animals were killed and the clot size was assessed.
Whereas the jugular thrombi had doubled in size over this time interval in the animals given
saline or heparin, in those given hirudin, the clots were actually half of their initial weight.
Thus, these preliminary findings suggest that unlike heparin, hirudin accelerates endogenous
fibrinolysis. This occurs because hirudin can block clot-bound thrombin thereby preventing
clot accretion. Further studies are underway to confirm these findings.

Injury-induced Stenosis:

To confirm our findings with low molecular weight heparin, a dose response study
should be done. Rats should be treated with various doses of low molecular weight heparin
after balloon angioplasty and their effects on injury-induced stenosis determined. In
addition to confirming the present findings, this type of study would also help us to identify
the optimal dose of low molecular weight heparin.

One- limitation of our studies, and those of other investigators, is that we are

monitoring the proliferative response that occurs after normal vessels are damaged.
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However, in patients, angioplasty is done on atherosclerotic arteries and the mechanisms
responsible for injury-induced proliferation may be different in diseased vessels than in

normal arteries. This may explain why heparin and low molecular weight heparin have not

been shown to be effective in preventing restenosis in patients. To test these concepts, we
nezd to develop an animal model that more closely resembles the situation that exists in
humans. One possibility is to use corpulent rats that are prone to develop spontaneous
atherosclerosis. The effects of low molecular weight heparin on injury-induced restenosis

could be tested in these animals since here we would be damaging an already diseased

vessel.

85
Arcan JC, Blanchard J, Boissel P, Destors JM, Panak E. Multicenter double-blind study of

ticlopidine in the treatment intermittent claudication and the prevention of its complications.
Angiology 1988; 39:802-8092.

Ashton JH, Schmitz JM, Campbell WB, Ogletree ML, Raheja S, Taylor AL, Fitzgerald C,
Buja LM, Willerson JT. Inhibition of cyclic flow variations in stenosed canine coronary
arteries by thromboxane A,/prostaglandin H, receptor antagonists. Circulation Research
1986; 59:568-578.

Badimon L, Badimon J, Ruggeri Z, Fuster V. A platelet-specific monoclonal antibody that
inhibits von Willebrand factor binding to GPIIb/Ila inhibits platelet deposition to human
atherosclerotic vessel wall (Abstract # 1470). Circulation 1990; 82 (Suppl.III):370.

Badi L, Badi 1J. Mechanism of arterial thrombosis in nonparallel streamlines:
platelet thrombi grow at the apex of stenotic severely injured vessel wall: experimental study
in the pig model. J Clin Invest 1989; 84:1134-1144.

Badimon L, Badimon JJ, Lassila R, Merino A, Chesebro JH, Fuster V. Rethrombosis on
an evolving thrombus is mediated by thrombus-bound thrombin that is not inhibited by
sustemic heparin (Abstract). Thromb Haemost 1991; 65 (Suppl.ID):321.

Bagdy D, Barabas E, Szabo G, Bajusz §, Szell E. In vivo anti lant and antip
effect of D-Phe-Pro-Arg-H and D-MePhe-Pro-Arg-H. Thromb Haemost 1992; 67:357-365.

Balsano F, Coccheri S, Libretti A, Nenci GG, Catalano M, Fortunato G, Grasselli S, Violi
F, Hellemans H, Vanhove PH. Ticlopidine in the treatment of intermittent claudications:
A 21- month double-blind trial. J Lab Clin Med 1989; 114:84-91.

Balsano F, Rizzon P, Violi F, Scrutinio D, and Studio della Ticlopidina nell’Angina Instabile
Group . Antiplatelet treatment with ticiopidine in unstable angina. A controiled multicenter
clinical trial. Circulation 1990; 82:17-26.

Barath P, Arakawa K, Cao J, Fishbein M, Fagin J, Lusis A, Forrester J. Low dose of
antitumor agents prevents smooth muscle cell proliferation after endothelial injury
(Abstract). J Am Coll Cardiol 1989; 13:252A.

Bar-Ner M, Wasserman L, Matzner Y, Cohen IR, Fuks Z, Viodavsky L. Inhibition of
heparanase-mediated degradation of extracellular matrix heparan sulfate by non-
anticoagulant heparin species. Blood 1987;70:551-557.

Bar-Shavit R, Benezra M, Eldor A, Hy-Am E, Fenton JW, Wilner GD, Vlodavsky 1.
Thrombin immobilized to extracellular matrix is a potent mitogen for vascular smooth
muscle cells: nonenzymatic mode of action. Cell Regulation 1990; 1:453-463.

Bar-Shavit R, Eldor A, Viodavsky 1. Binding of thrombus to subendotheli
matrix. Protection and expression of functional properties. J Clin Invest 1989

REFERENCES

Abell TJ, Richards AM, Ikram H, Espiner EA, Yandle T. Atrial natriuretic factor inhibits
proliferation of vascular smooth muscle cells stimulated by platelet-derived growth factor.
Biochem Biophys Res Commun 1989; 160:1392-1396.

Agnelli G, Pascucci C, Cosmi B, Nenci GG. The comparative effects of recombinant hirudin
(CGP 39393) and standard heparin on thrombus growth in rabbits. Thromb Hemostasis
1990; 63:204-207.

Agnelli G, Renga C, Weitz J1, Nenci GG, Hirsh J. Sustained antithrombotic activity of
hirudin after its plasma clearance: Comparison with heparin. Blood 1992; 80:960-965.

Ali M, Zamecnik J, Cerskus AL, Stoessl AJ, Barnett WH, McDonald JWD. Synthesis of
thromboxane-B, and prostagiandins by bovine gastric mucosal microsomes. Prostaglandins
1977; 14:819-827.

Alving BM, Strickler MP, Knight RD, Barr CF. Hereditary wartarin resistance. Arch Intern
Med 1985; 145:499-501.

Andersson L-O, Barrowcliffe TW, Holmer E, Johnson EA, Soderstron G. Molecular weight
dependency of the heparin potentiated inhibition of thrombin and activated factor X. Effect
of heparin neutralization in plasma. Thromb Res 1979; 15:531-541.

Andersson LO, Barrowdliffe TW, Holmer E, Johnson EA, Sims GE. Anticoagulant
properties of heparin fractioned by affinity chromatography on matrix-bound antithrombin
10! and by gel filtration. Thromb Res 1976; 9:575-583.

Andriuoli G, Mastacchi R, Barnti M. Comparison of the antithrombotic and hemorrhagic
effects of heparin and a new low molecular weight heparin in the rat. Haemostasis 1985;
15:324-330.

Anggard EE, Botting RM, Vane JR. Endothelins. Blood Vessels 1990; 27:269-281.

Antiplatelet Trialists’ Coilaboration Group. Secondary prevention of vascular disease by

pr antip t Br Med J 1988; 2963320-331.

Aantiplatelet Trialists Collaborative Group. Results of the Anti-Platelet Trial. Br Med J 1994;
in press:

Araki S, Kawahara Y, Kariya Y, Sunako M, Tsuda T, Fukuzaki H, Yoshimi T. Stimulation

of platelet-derived growth factor-induced DNA synthesis by angiotensin Il in rabbit vascular
smooth muscle cells. Biochem Biophys Res Commun 1990; 168:350-357.

86

tracellular
4:1096-1104.

Barzu T, Molho P, Tobelem G. , Petitou M, Caen J. Binding and endocytosis of heparin by
human endothelial cells in culture. Biochem Biophys Acta 1985; 845:196-203.

Barzu T, Molho P, Tobelem G, Petitou M, Caen J. Binding of heparin and low molecular
weight heparin fragments to human vascular endothelial cells in culture. Nouv Rev Fr
Haematol 1984; 26:243-247.

Barzu T, Van Riju JLMC, Petitou M. Heparin degradation in the endothelial cells. Thromb
Res 1987; 47:601-509.

Beguin S, Lindhout T, Hemker HC. The mode of action of heparin in plasma. Thromb
Haemost 1988; 60:457-462.

Bell RG. Metabolism of vitamin K and prothrombin synthesis: anticoagulants and the
vitamin K-epoxide cycle. Fed Proc 1978; 37:2599-2604.

Bellinger DA, Nichols TC, Read MS. Prevention of occlusive coronary artery thrombosis by

a murine monoclonal antibody to porcine von Willebrand factor. Proc Natl Acad Sci USA

1987; 84:8100-8104.

Benitz WE, Kelley RT, Anderson CM, Lorant DE, Bernfield M. Endothelial heparan sulfate

proteoglycan. \. Inhibitory effects on smooth muscle cell proliferation. Am J Respir Cell Mol

Biol 1990; 2:13-24.

Benitz WE, Lessler DS,'Coulson JD. Heparin inhibits proliferation of fetal vascular smooth
muscle cells in the absence of platelet-derived growth factor. J Cell Physiol 1986; 127:1-7.

Berggqvist D, Nilsson B, Hedner U, Pedersen PCHR, Ostergaard PB. The effects of heparin
fragments of different molecular weight in experimental thrombosis and haemostasis.

Thromb Res 1994; 38:589-601.

Berliner LJ. Human alfa-thrombin binding to nonpolymerized fibrin-sepharose: Evidence
for an anionic binding region. Biochemistry 1985; 24:7005-7009.

Birktoft 1, Blow DM. Structure of crystalline alfa-chymotrypsin V. The atomic structure of
tosyl-alfa-chymotrypsin at 2 A resolution. J Mol Biol 1972; 68:187-240.

Bjork I, Lindahl U. Mechanism of the anticoagulant action on heparin. Mol Cell Biochem
1982; 48:161-182.

Bjornsson TD, Levy GP. Pharmacokinetics of heparin. I Studies of dose dependence in rats.



87
J Pharmacol Exp Ther 1979; 210:237-242.

Bjornsson TD, Wolfram KM, Kitchell BB. Heparin kinetics determinated by three assay
methods. Clin Pharmacol Ther 1982; 31:104-113.

Blajchman MA, Young E, Ofosu FA. Effects of unfractionated heparin, dermatan sulfate
and low molecular weight heparin on vessel wall permeability in rabbits. Ann N'Y Acad Sci
USA 1989; 556:245-254.

Bleich SD, Nichols TC, Schumacher RR, Cooke DH, Tate DA, Teichman SL. Effect of
heparin on coronary arterial patency after thrombolysis with tissue plasmi i
in acute myocardial infarction. Am J Cardiol 1990; 66:1412-1417.

Block PC, Baughman KL, Pasternak RC, Fallon JT. Transluminal angiopl Cor i
of morphologic and angi hic findings in an experimental model. Circulation 1980;
61:778-785.

Block PC, Myler RK, Stertzer S, Fallon JT. Morphology after transluminal angioplasty in
human beings. N Engl J Med 1981; 305:382-386.

Bode W, Mayr I, Baumann U. The refined 1.9 A crystal structure of human alpha-thrombin:
Interaction with D-Phe-Pro-ArgChloromethylketone and significance of the tyr-pro-pro-trp
insertion segment. EMBO J 1989; 8:3467-3472.

Bonan R, Paiement P, Scortichini D, Evans S, Sirimanne L, Leung TK. In situ delivery of
anti-transforming growth factor-beta antibodies does not prevent coronary restenosis in a

swine model (Poster # 2). Restenosis Summit IV 1992; Cleveland, Ohio, USA.

Boneu B, Caranobe C, Cadroy Y, Dol F, Gabaig A-M, Dupouy D, Sie P. Pharmacokinetic
studies of standard unfractionated heparin, and low molecular weight heparins in the rabbit.

Semin Thromb Hemost 1988; 14:18-27.

Borowski M, Furie BC, Bauminger S, Furie B. Protl b qt

metal-dependent conformational transitions to bind phospholipid.
261:14969-14975.

Boscoboinik D, vk A, Azzi A. Alfa ypherol (vitamin E) regulates vascular smooth
muscle cell proliferation and protein kinase C activity. Arch Biochem Biophys 1991;

286:264-269.

Bourdon P, Fenton JWI, Maraganore JM. Affinity labelling of lysine-149 in the
anion-binding exosite of human alpha-thrombin with an Na-(dinitrofluorobenzyl) hirudin C-

terminal peptide. Biochemistry 1990; 29:6279-6283.

89

Burch JW, Majzrus PW. The role of prostaglandins in platelet function. Semin Hematol
1979; 16:196-207.

Burch JW, Stanford PW, Majerus PW. Inhibition of platelet prostaglandin synthetase by oral
aspirin. J Clin Invest 1978; 61:314-319.

Bush C, Daves J, Pepper DS, Wasteson E. Binding of platelet factor 4 to human endothelial
cells (Abstract # 89). Thromb Haemost 1979; 42:43.

Bush LR, Campbell WB, Buja LM, Tilton GD, Willerson JT. Effects of the selective
thromboxane synthetase inhibitor dazoxiben on variations in cyclic blood flow in stenosed
canine coronary arteries. Circulation 1984; 69:1161-1170.

Bush LR, Holahan MA, Kanovsky SM, Mellott MJ, Garsky VM, Gould RJ. Antithrombotic
profile of echistatin, a snake venom peptide and platelet fibrinogen receptor antagonist in
the dog (Abstract # 91)). Circulation 1989; 80 (Suppl.IT):11-23.

Cade JF, Buchanan MR, Boneu B, Ockelford P, Carter CJ, Cerskus AL, Hirsh J. A
comparison of the antithrombotic and haemorrhagic effects of low molecular weight heparin
fractions: The influence of the method of preparation. Thromb Res 1984; 35:613-625.

Calcagno D, Conte JV, Howell MH, Foegh ML. Peptide inhibition of neointimal hyperplasia
in vein grafts. J Vasc Surg 1991; 13:475-479.

Campbell GR, Campbell JH, Manderson JA, Horrigan S, Rennick RE. Arterial smooth
muscle, a multifunctional mesenchymal cell. Arch Pathol Lab Med 1988; 112:977-986.

Carney DG, Cunningham DD. Cell-surface action of thrombin is sufficient to initiate
division of chick cells. Cell 1978; 14:811-823.

Carney DG, Glenn KC, Cunningham DD. Conditions which affect initiation of anirmal cell
division by trypsin and thrombin. Cell Physiology 1978; 95:13-22.

Carney DH, Stiernberg J, Fenton JW,IL. Initiation of proliferative events by human thrombin
requires both ptor binding and enzymatic activity. J Cell Biochem 1984; 26: 181-195.

Carney DH, Herbosa GJ, Stiernberg J, Bergmann JS, Gordon EA, Scott D, Fenton JW,IL.
Double-signal hypothesis for in initiation of cell proliferation. Semin Thromb
Hemostasis 1986; 12:231-240.

Carney DH, Mann R, Redin WR, Pernia SD, Berry D, Heggers JP, Hayward PG, Robson
MC, Christie J, Annable C, Fenton JW II, Glenn KC. Enhancement of incisional wound
healing and neovascularization in normal rats by thrombin and synthetic thrombin
receptor-activating peptides. J Clin Invest 1992; 89:1469-1477.

ires two sequeati
Biol Chem 1986;

88

Bowen BK. Kraus WJ, Ivey KJ. Effect of sodium bicarbonate on aspirin-induced damage
and potential difference changes in human gastric mucosa. Br Med J 1977; 2:1052-1055.

Boyle E, Bragdon JH, Brown RK. Role of heparin in in vitro production of
alfa-1-lipoprotein in human plasma. Proc Soc Exp Biol Med 1952; 81:465477.

Breckenridge AM. Oral anti lant drugs: pharr kinetic aspects. Semin Hematol 1978;
15:19-26.

Briant L, Caranobe C, Saivin S, Sie P, Bayrou B, Houin G, Boneu B. Unfractionated
heparin and CY216. Pharmacokinetics and bioavailabilities of the anti-Factor Xa and Ila.
Effects of int: and subc injection in rabbits. Thromb Haemost 1989;
61:348-353.

Brothers TE, Vincent CK, Darvishian D, Harrell KA. Effects of duration of acetylsalicylic
acid administration on patency and anastomotic hyperplasia of ePTFE grafts. ASAIO Trans
1989; 35:558-560.

Brover MS, Walz DA, Garry KE, Fenton JWIL Thrombin-induced elastase alters human
alfa-thrombin function: Limited proteolysis near the gamma-cleavage site results in
decreased fibrinogen clotting and platelet stimulatory activity. Blood 1987; 69:813-819.

Brown BG, Gallery CA, Badger RS, Kennedy JW, Mathey D, Bolson EL, Dodge HT.
Incomplete lysis of thrombus in the moderate underlying atherosclerotic lesion during
intracoronary infusion of streptokinase for acute myocardial infarction: quantitative
angiographic observation. Circulation 1986; 73:653-661.

Brown CH, Natelson EA, Bradshaw MW, Williams TW,Jr., Alfrey CPJr.. The hemostatic
defect produced by carbenicillin. N Engl J Med 1974; 291:265-270.

Brown MS, Goldstein JL. Lipoprotein bolism in the pl Implications for
cholesterol deposition in atherosclerosis. Ann Review Biochem 1983; 52:223-261.

Broze GJ, Warren LA, Novotny WF, Higuchi DA, Girard JJ, Miletich JP. The
lipoprotein- iated coagulation inhibitor that inhibits the factor VII-tissue factor complex

also inhibits factor Xa: Insight into its possible mechanism of action. Blood 1988; 71:335-343.

Brum JM, Sufan Q, Lane G, Bove AA. Increased vasoconstrictor activity of proximal
coronary arteries with endothelial damage in intact dogs. Circulation 1984; 70:1066-1073.

Burch JW, B iger NL, Stanford N, Maj PW. itivity of fatty acid cyclo-oxygenase
from human aorta to acetylation by aspirin. Proc Natl Acad Sci USA 1978; 75:5181-5184.

90

Carter CJ, Kelton JG, Hirsh J, Cerskus AL, Sandos AV, Gent M. The relationship between
the hemorrhagic and antithrombotic properties of low molcular weight heparins and heparin.
Blood 1982; 59:1239-1245.

Casenave J-P, Packham MA, Guccione MA. Effects of penicillin G on platelet aggregation,
release and adherence to collagen. Proc Soc Exp Med 1973; 142:159-166.

Castellot JJ. Heparan sulfates: Physiologic regulator of smooth muscle cell proliferation. Am
J Respir Cell Mol Biol 1990; 2:11-12.

Castellot JJ, Beeler DL, Rosenberg RD, Karnowsky MJ. Structural determinants of the
capacity of heparin to inhibit the proliferation of vascular smooth muscle cells. J Cell Physiol
1984; 120:315-320.

Castellot JJ, Cochran DL, Karnowsky MJ. Effect of heparin on vascular smooth muscle cell.
1. Cell metabolism. J Cell Physiol 1985; 124:21-28.

Castellot JJ, Fareau LV, Karnovsky MJ, Rosenberg RD. Inhibition of vascular smooth
muscle cell growth by endothelial cell-derived heparin: Possible fate of platelet
endoglycosidase. J Biol Chem 1982; 257:11256-11260.

Castellot JJ, Wright TC, Karnovsky MJ. Regulation of vascular smooth muscle cell growth
by heparin and heparan suifates. Semin Thromb Hemost 1987; 13:489-503.

Castellot JJ,Jr., Adonizio ML, Rosenberg R, Karnovsky MJ. Cultured endothelial cells
produce a heparin-like inhibitor of smooth muscle cell growth. J Cell Biol 1981; 90:372-379.

Castellot JJ,Jr., Wong K, Herman B, Hoover RL, Albertini DF, Wright TC, Caleb BL,
Karnovsky MJ. Binding and internalization of heparin by vascular smooth muscle cells. J
Cell Biol 1985; 124:13-20.

Casu B. Structure and biological activity of heparin. Advances in Carbohydrate Chemistry
and Biochemistry 1985; 43:51-134.

Casu B. Methods of structural analysis. In: Lane DA, Lindahl U, eds. Heparin; Chemical
and Biological Properties, Clinical Applications. Boca Raton, Florida: CRC Press Inc,,
1989:25-49.

Casu B, Oreste P, Torri G, Zoppetti G. The structure of heparin oligosaccharide fragments
with high anti-(factor Xa) activity ining the minimal antithrombin III- binding
sequence. Biochem J 1981; 197:599-609.




91

Cavagnaro J, Serabian MA, Shealy DJ, Colier BS, lufiucci JD. Pharmacokinetic analysis of
murine monoclonal antibody 7E3 F(ab’)2 in monkeys (Abstract # 1252). Blood 1987;
70:349A.

Cerskus AL, Ali M, Davies BJ, McDonald JWD. Possible significance of small numbers of
functional platelets in a population of aspirin-treated platelets in vitro and in vivo. Thromb
Res 1980; 18:389-397.

Chang J-Y, Ngai PK, Rink H, Dennis S, Schlaeppi J-M. The structural elements of hirudin
which bind to the fibrinogen recognition site of thrombin are exclusively located within its
acidic C-terminal tail. FEBS Letters 1990; 261:287-290.

Chao BH. Agkistrodon piscivorus platelet aggregation inhibitor: 2 potent inhibitor of platelet
activation. Proc Natl Acad Sci USA 1989; 86:8050-8054.

Charo IF, Nannizzi L, Phillips DR, Hsu MA, Scarborough RM. Inhibition of fibrinogen
binding to ITb-Illa by a GP Illa peptide. J Biol Chem 1991; 266:1415-1421.

Chen LB, Buchanan JM. Mitogenic activity of blood components. I. Thrombin and
prothrombin. Proc Natl Acad Sci USA 1975; 72:131-135.

Chesebro JH, Knatterud G, Roberts R, Borer J, Cohen LS, Dalen J, dodge HT, Francis CK,
Hillis D, Ludbrook P, Markis JE, Mueller H, Passamani ER, Powers ER, Rao AK,
Robertson T, Ross A, Ryan TJ, Sobel BE, Willerson T, Williams DO, Zaret BL, Braunwald
E. Thrombolysis in myocardial infarction (TIMI) trial, Phase I: A comparison between

tissue inogen activator and intravenous streptokinase. Circulation 1987;
76:142-148. :

Chesebro JH, Lam JYT, Badimon L, Fuster V. Restenosis after arterial angioplasty: A
hemorrheologic response to injury. Am J Cardiol 1987; 60:10B-16B.

Chesebro JH, Webster MWI, Reeder GS, Mock MB, Grill DE, Bailey KR, Steichen S,
Fuster V. Coronary angioplasty: Antiplatelet therapy reduces acute complications but not
restenosis (Abstract # 257). Circulation 1989; 80 (Suppl.II):II-64.

Chester AH, O’Neill GS, Moncada S, Tadjkarimi S, Yacoub MH. Low basal and stimulated
release of nitric oxide in atherosclerotic epicardial coronary arteries. Lancet 1990;
336:897-900.

Choay J, Lormeau JC, Petitou M, Sinay P, Fareed J. Structural studies on a biologically
active hexasaccharide obtained from heparin. Ann NY Acad Sci 1981; 370:644-649.

93

Cocchran DL, Castellot 1J, Jr., Karnowsky MJ. Effect of heparin on vascular smooth muscle
calls. I1. Specific protein synthesis. J Cell Physiol 1985; 124:29-36.

Cohen RA, Zitnay KM, Haudenschild CC, Cunningham LD. Loss of selective endothelial
cell vasoactive stimuli in hypercholesterolemia in pig coronary arteries. Circ Res 1988;
63:903-910.

Coller BS. Platelets and thrombolytic therapy. N Engl J Med 1990; 322:3342.

Coller BS, Folts JD, Smith SR, Scudder LE, Jordan R. Abolition of in vivo platelet
thrombus formation in primates with monoclonal antibodies to the platelet GPIlb/IMa
receptor: Correlation with bleeding time, platelet aggregation, and blockade of GPIIb/Illa
receptors. Circulation 1989; 80:1766-1774.

Cook JJ. Inhibition of platelet hemostatic plug formation by trigramin, a mnovel
RGD-peptide. Am J Physiol 1989; 256:H1038-H1043.

Corcos T, David PR, Val PG, Renkin J, Dangoisse V, Rapold HG, Bourassa MG. Failure
of diltiazem to prevent r¢ is after p transluminal coronary angiopl Am
Heart J 1985; 109:926-931.

Coughlin SR, Vu T-KH, Hung DT, Wheaton VL Characterization of a functional thrombin
receptor. Issues and opportunities. J Clin Invest 1992; 89:351-3.5.

Croft DN, Wood PHN. Gastric mucosa and

ptibility to occult gastroi inal bleedi:
Br Med J 1967; 1:137-141.

Currier JW, Pow TK, Haudenschild CC, Minihan AC, Faxon DP. Low molecular weight
heparin (E! parin) reduces is after iliac angioplasty in the hyp 1 lemi
rabbit. J Am Coll Cardiol 1991; 17:118B-125B.

Currier JW, Pow TK, Minihan AC, Haudenschild CC, Faxon DP, Ryan TJ. Colchicine
inhibits restenosis after iliac angiopl in the at jerotic rabbit (Abstract # 263).

P

Circulation 1989; 80 (SupplL.II):II-66.

Daemen MJAP, Lombardi DM, Bosman FT, Schwartz SM. Angiotensin II induced smooth
muscle cell proliferation in the normal and injured rat arterial wall. Circ Res 1991;
68:450-456.

Danielsson A, Raub E, Lindahl U, Bjork L Role of ternary complexes in which heparin
binds both antithrombin and protei in the acceleration of the reactions between
antithrombin and thrombin or factor Xa. J Biol Chem 1986; 261:15467-15473.

92

Choay J, Petitou M, Lormeau JC, Sinay P, Casu B, Gatti G. Structure-activity relationship
in heparin: a synthetic pentasaccharide with high affinity for antithrombin III and eliciting
high anti-factor Xa activity. Biochem Biophys Res Comm 1983; 116:492-499.

Chong BH, Pitney WR, Castaldi PA. Heparin-ind d thromb peni: Association of
thrombotic complications with a heparin-dependent antibody that induces thromboxane
synthesis and platelet aggregation. Lancet 1982; 2:1246-1248.

Choonara IA, Malia RG, Haynes BP, Hay CR, Cholerton S, Breckenridge AM, Preston FE,
Park BK. The relationship between inhibition of vitamin K 1,2,3-epoxide reductase and
reduction of clotting factor activity with warfarin. Br J Clin Pharmacol 1988; 25:1-7.

Chow TW, Hellums JD, Moake JL, Kroll MH. Shear stress-induced von Willebrand factor
binding to platelet glycoprotein Ib initiates calcium influx associated with aggregation. Blood
1992; 80:113-120.

Clemmons DR. Exposure to platelet-derived growth factor modulates porcine aortic smooth
muscle cell response to somatomedin-C. Endocrinology 1985; 117:77-83.

Clowes AC, Clowes MM. Kinetics of cellular proliferation after arterial injury. Lab Invest
1985; 52:611-616.

Clowes AW, Clowes MM. Kinetics of cellular proliferation after arterial injury. IV. Heparin
inhibits rat smooth muscle mitogenesis and migration. Circ Res 1986; 58:839-845.

Clowes AW, Clowes MM, Reidy MA. Kinetics of cellular proliferation after arterial injury:
111 Endithelial and smooth muscle growth in chronically denuded vessels. Lab Invest 1986;
54:295-303.

Clowes AW, Clowes MM, Vergel SC, Muller RKM, Powell JS, Hefti F, Baumgartner HR.
Heparin and cilazapril together inhibit injury-induced intimal hyperplasia. Hypertension
1991; 18 (Suppl.II):11-65-11-69.

Clowes AW, Reidy MA, Clowes MM. Mechanisms of stencsis after arterial injury. Lab
Invest 1983; 49:208-215.

Clowes AW, Schwartz SM. Significance of quiescent smooth muscle migration in the injured
rat carotid artery. J Clin Res 1985; 56:139-145.

Clozel JP, Hess P, Michael C, Schietinger K, B: tner HR. Inhibition of converting
enzyme and neointima formation after vascular injury in rabbits and quinea pigs.
Hypertension 1991; 18 (SuppLII):II-55-11-59.

94

Dartsch PC, Bauriedel G, Schinko I, Weiss HD, Hofling B, Betz E. Cell constitution and
characteristics of human atherosclerotic plaque selectively removed by percutancous
atherectomy. Atherosclerosis 1989; 80:149-157.

Dawes J, Pavuk N. Sequestration of therapeutic glycosaminoglycans by plasma fibronectin
(Abstract # 829). Thromb Haemost 1991; 65:929.

Dawes J, Pepper DS. Catabolism of low-dose heparin in man. Thromb Res 1979; 14:845-860.

Dawes J, Smith RC, Pepper DS. The release, distribution and clearance of human
beta-thromboglobulin and platelet factor 4. Thromb Res 1978; 12:851-861.

Deamen MJAP, Lombardi DM, Boeman FT, Schwartz SM. Angiotensin 1l induces smooth

muscle cell proliferation in the normal and injured rat arterial wall. Circ Res 1991;
68:450-456.

de Bono DP, Simoons ML, Tijssen J, Arnold AER, Betriu A, Burgersdijk C, Bescos LL,
Mueller E, Pfisterer M, Van de Werf F, Zijlstra F, Verstraete M, for the European
Cooperative Study Group. Early intravenous heparin improves coronary patency in
thrombolysis with recombinant human tissue-type plasminogen activator. Br Heart J 1992;
67:122-128.

De Clerck F, Beetens J, de Chaffoy de Courcelles D, Freyne E, Janssen PAJ. R 68070:
thromboxane A, synthetase inhibition and thromb A,/prostaglandi doperoxid
receptor blockad bined in one molecule-I: Biochemical profile in vitro. Thrombosis and
Haemostasis 1989; 61:35-42.

De Clerck F, Beetens J, de Chaffoy de Courcelles D, Freyne E, Janssen PAJ. R 68 070:
thromboxane A, synthetase inhibition and thromb A,/p landi doperoxid
receptor blockade bined in one molecule - I: Biochemical profile in vitro. Thromb
Haemost 1989; 61:35-42.

De Clerck F, Beetens J, Van de Water A, Vercammen E, Janssen PAJ. R 68 070:
Thromboxane A, synthetase inhibition and thromboxane A,/prostaglandin in endoperoxide
receptor blockage combined in one molecule - II: Phar logical effects in vivo and ex
vivo. Thromb Haemost 1989; 61:43-49.

Degen SJF, Mac Gillivray RT, Davie EW. Characterization of the deoxyribonucleic acid and
gene coding for human prothrombin. Biochemistry 1983; 22:2087-2097.

Dehmer GJ, Popma JJ, Van Den Berg EK, Eichhorn EJ, Prewitt JB, Campbell WB,
Jennings L, Willerson JT, Schmitz JM. Reduction in the rate of early restenosis after



95

coronary angioplasty by a diet supplemented with n-3 fatty acids. N Engl J Med 1988;
319:733-740.

Demers LM, Budin R, Shaikh B. The effects of aspirin on megakaryocyte prostaglandin
production (Abstract). Blood 1977; 50 (Suppl 1):239.

Dennis MS, Henzel WJ, Pitti RM, Lipari MT, Napier MA, Deisher TA, Bunting S, Lazarus
RA. Platelet glycoprotein ITb/IIIa protein antagonists from snake venoms: Evidence for a
family of platelet-aggregation inhibitors. Proc Natl Acad Sci USA 1990; 87:2471-2475.

DeSwart CAM, Nijmeyer B, Roelofs JMM, Sixma JJ. Kinetics of intravenously administered
heparin in normal humans. Blood 1982; 60:1251-1258.

Detre K, Holubkov R, Kelsey S, Cowley M, Kent K, Williams D, Myler R, Faxon D, Holmes
D Jr, Bourassa M, Block P, Gosselin A, Bentivoglio L, Leatherman L, Dorros G, King SIII,
Galichia J, AL-Bassam M, Leon M, Robertson T, Passamani E, and Coinvestigators of the
National heart, Lung and Blood Institute’s Percutaneous Transluminal Coronary Angioplasty
Registry. P us tra inal coronary angiopl in 1985-86 and 1977-1981. The
National Heart, Lung, Blood Institute Registry. N Engl J Med 1988; 318:265-270.

DeWood MA, Spores J, Notske RN, Mouser LT, Burroughs R, Golden MS, Land HT.
Prevalence of total coronary occlusion during the early hours of transmural myocardial
infarction. N Engl J Med 1980; 303:897-903.

Di Minno G, Cerbone AM, Mattioli PL, Turco S, Iovine C, Mancini M. Functionally
thrombosthenic state in normal platelets following the administration of ticlopidine. J Clin
Invest 1985; 75:328-338.

Doucet S, Caillard JB, Fajadet JC. Incidence of restenosis following Palmaz-Schatz coronary
stent impiantation in a large population of 500 patients (Poster). Restenosis Summit IV
1992; Cleveland, Ohio, USA.

Downing MR, Butkowski RJ, Clark MM, Mann KG. Human prothrombin activation. J Biol
Chem 1975; 250:8897-8906.

Doyle DJ, Turpie AGG, Hirsh J, Best C, Kinch D, Levine MN, Gent M. Adjusted
subcutaneous heparin or continuous intravenous heparin in patients with acute deep vein
thrombosis: A randomized trial. Ann Intern Med 1987; 107:441-445.

Dryjski M, Mikat E, Bjornsson TD. Inhibition of intimal hyperplasia after arterial injury by
heparins and heparinoid. J Vasc Surg 1988; 8:623-633. .

Du X. Beutler L, Ruan C, Castaldi PA, Berndt MC. Glycoprotein Ib and glycoprotein IX

96

Dunn F, Soria J, Thomaides A, Tobelem G, Cean JP. Fibrinogen binding on human
platelets. Influance of different heparins and of pentosan polysulfate. Thromb Res 1983;
29:141-148.

Dunwiddie CT, Nutt EM, Viasuk GP, Siegl PKS, Schaffer LW. Anticoagulant efficacy and
immunogenicity of the selective factor Xa inhibitor antistasin following sub
administration in the Rhesus monkey. Thromb Haemost 1992; 67:371-376.

Dunwiddie CT, Thornberry N, Bull H, Sardana M, Friedman PA, Jacobs JW, Simpson E.
Antistasin, a leech-derived inhibitor of factor Xa: Kinetic analysis of enzyme inhibition and
identification of the reactive site. J Biol Chem 1989; 264:16694-16699.

Dzau VJ, Gibbons GH, Pratt RE. Molecular mechanisms of vascular renin-angiotensin
system in myointimal hyperplasia. Hypertension 1991; 18 (Suppl. H):1I-100-1I-105.

Edelman ER, Kamovsky MJ. Contrasting effects of the intermittent and continuous
administration of heparin in experimental restenosis. Circulation 1994, 89:770-776.

Eisenberg PR, Miletich JP, Sobel BE, Jaffe AS. Differential effects of activation of
prothrombin by streptokinase compared with urokinase and tissue-type plasminogen
activator (t-PA). Thromb Res 1988; 50:707-717.

Eldor A, Allan G, Weksler BB. Heparin-prostacycline interaction; Heparin does not modify
the prostacycline-induced relaxation of coronary vasculature. Thromb Res 1980; 19:719-723.

Ellis SG, Bates ER, Schaible T, Weisman HF, Pitt B, Topol EJ. Prospects for the use of
antagonists to the platelet glycoprotein IIb/Mla receptor to prevent postangioplasty
restenosis and thrombosis. J Am Coll Cardiol 1991; 17:89B-95B.

Ellis SG, Roubim GS, Wilentz J, Douglas JSJr., King SB,IIL Effect of 18 to 24-hours
heparin administration for prevention of restenosis after uncomplicated coronary angioplasty.
Am Heart J 1989; 117:777-782.

Ellis SG, Topol EJ, George BS, Kereiakes DJ, Debowey D, Sigmon KN, Pickel A, Lee KL,
Califf RM. Recurrent ischemia without warning: analysis of risk factors for in-hospital
ischemic events following ful thrombolysis with intr tissue plasmi
activator. Circulation 1989; 80:1159-1165.

Emerick SC, Murayama H, Yan SB. Preclinical pharmacology of activated protein C. In:
Hollenberg, J.C., Winkenhale, J., eds. The pharmacology and toxicology of proteins. New
York: Alan R Liss, Inc 1987; 351-372.

Engelberg H. Quantitative studies of triglyceride lipolysis after heparin administration, Circ

are fully complexed in the intact platelet membrane. Blood 1987; 5:1524-1527.

97

Engelberg H. The effect of heparin upon the excretion of cholesterol end-products in man.
Metabolism 1961; 10:439-455.

Engelberg H. Heparin: Metabolism, physiology, and clinical applications. Charles C Thomas,
Springfield, 11 1963.

Esmon CT. The roles of protein C and thrombomodulin in the regulation of blood
coagulation. J Biol Chem 1989; 264:4743-4746.

Esmon CT, Owens WG. Identification of an endothelial cell cofactor for thrombin-catalyzed
activation of protein C. Proc Natl Acad Sci USA 1981; 78:2249-2252.

Esquivel CO, Bergqist D, Bjork C-G, Nilsson B. Comparison between commercial heparin,
low-molecular weight heparin and p p onh is and platelets in
vivo. Thromb Res 1982; 28:389-399.

Ewald GA, Eisenberg PR. Increased procoagulant activity in response to fibrinolytic agents
due to plasmin-mediated activation of the contact system (Abstract). Thromb Haemostas
1993; THHADQ 69:1004.

Fabris F, Fussi F, Casonato A, Visentin L, Randi M, Smith MR, Girolami A. Normal and
low molecular weight heparins: i jon with human platelets. Eur J Clin Invest 1983;
13:135-139.

Fasco MJ, Hildebrandt EF, Suttie JW. Evidence that warfarin anticoagulant action involves
two distinct reductase activities. J Biol Chem 1982; 257:11210-11212.

Faxon D, Spiro T, Minor S, Douglas J, Cote E, Dorosti K, Gottlieb R, Califf R, Topol E,
Gordon J. Enoxaparin, a low molecular weigth heparin, in the prevention of restenosis after
angioplasty: Results of a double blind randomized trial (Abstract). J Amer Coll Cardiol
1992; 19 (Suppl A):258A.

Faxon DP, Weber VJ, Haudenschild CC. Acute effects of transluminal angioplasty in three
experimental models of atherosclerosis. Arteriosclerosis 1982; 2:125-133.

Fedarko NS, Conrad HE. A unique heparan sulfate in the nuclei of hepatocytes: Structural
changes with the growth state of the cells. J Cell Biol 1986; 102:587-599.

Fenton JW, Fasco MJ, Stackrow AB, Aronson DL, Young AM, Finlayson JS. Human
i bi Jducti luati and properties of alfa-thrombin. J Biol Chem 1977;

t prC
252:3587-3598.

Res 1958; 6:266-270.

98

Fenton JW, L. Thrombin bioregulatory functions. Advances in Clinical Enzymology. Schmidt,
E. and Schidt, F.E. (eds). Adv Clin Enzymol 1988; 6:186-193.

Fernandez F, Nguyen P, Van Ryn J, Ofosu FA, Hirsh J, Buchanan MR. Hemorrhagic doses
of heparin and other glycosaminoglycans induce 2 platelet defect. Thromb Res 1986;
43:491-495.

Finci L, Meier B, Steffenio G, Rutishauser W. Aspirin versus placebo after coronary
angioplasty for prevention of restenosis (Abstract). Eur Heart J 1988; 9 (Suppl.1):156.

Fishman JA, Ryan GB, Karnovsky MJ. Endothelial regeneration in the rat carotid artery
and the significance of endothelial denudation in the path is of myointimal thickeni
Lab Invest 1975; 32:339-351.

ly

Fitzgerald DJ, Catella F, Roy L, Fitzgerald GA. Marked platelet activation in vivo after
int tr i in patients with acute myocardial infarction. Circulation 1988;
77:142-150.

Fitzgerald DJ, Fitzgerald GA. Role of thrombin and thromboxane A2 in reocclusion
followimg coronary thrombolysis with tissue-type plasminogen activator. Proc Natl Acad Sci
USA 1989; 86:7585-7589.

Fitzgerald GA, Oates JA, Hawiger J, Maas RL, Roberts LJ, Lawson JA, Brash AR.
Endogenous biosynthesis of p lin and thromb and platelet function during
chronic administration of aspirin in man. J Clin Invest 1983; 71:678-688.

Foschi AE, Zapala CA. Direct argon laser exposures for recanalization of coronary arteries
and bypass grafts: Early clinical experience in 37 laser-assisted coronary angioplasty
procedures. In: Biamino G, Isner JM, Muller GJ, Oeff M, eds. Second German Symposium
on Laser Angioplasty. 2nd ed. Landsberg: Ecomed, 1990:51-55.

Fox PL, Dicorleto PE. Fish oils inhibit endothelial cell production of platelet-derived growth
factor-like protein. Sci 1988; 241:453-456.

Francis CW, Markham RE,(Jr., Barlow GH, Florack TM, Dobrzynski DM, Marder Vi.
Thrombin activity of fibrin thrombi and soluble plasmic derivatives. J Lab Clin Med 1983;
102:220-230.

Fressinaud E, Baruch D, Girma J-P, Sakariassen KS, Baumgartner HR, Meyer D. Von
Willebrand factor-mediated platelet adhesion to coll involves platelet membrane
glycoprotein b-Illa as well as Glycoprotein Ib. J Lab Clin Med 1988; 112:58-67.




99

Friedman PA, Rosenberg RD, Hauschka PV, Fitz-James A A spectrum of partially
carboxylated prothrombins in the plasmas of coumarin treated patients. Biockim Biophys
Acta 1977; 494:271-276.

Fritz LM, Reilly CF, Rosenberg RD. An antiproliferative heparan sulfate épccies produced
by postconfluent smooth muscle cells. J Cell Biol 1985; 100:1041-1049.

Frydman A, Bara L, Leroux Y, ‘Woler M, Chauliac F, Samama MM. The antithrombotic
activity and phar kinetics of E: in, a low molecular weight heparin, in humans
given single subcutaneous doses of 20 up to 80 mg. J Clin Pharmacol 1988; 28:609-618.

Furchgott RF. Role of endothelium in responses of vascular smooth muscle. Circulation
Research 1983; 53:557-573.

Fuster V, Badimon L, Badimon JJ, Chesebro JH. The pathogenesis of coronary artery
disease and the acute coronary syndromes. (Second of twa parts). The New England Journal
of Medicine 1992; 326:310-318.

Fuster V, Badimon L, Badimon 1J, Chesebro JH. The pathogenesis of coronary artery
disease and the acute coronary synd The New England Journal of Medicine 1992;
326:242-250.

Gamse G, Fromme HG, Kresse H. Metabolism of sulfated gly inogl in cultured
endothelial cells and smooth muscle cells from bovine aorta. Biochimica et Biophysica Acta
1978; 544:514-518.

Gan ZR, Gould RJ, Jacobs JW, Friedman PA, Polokoff MA. A potent platelet aggregation
inhibitor from the venom of the viper Echis carinatus. J Biol Chem 1988; 263:19827-19832.

Ganguly P. Binding of thrombin to human platelets. Nature 1974; 247:306-307.

Garg UC, Hassid A. Nitric oxyde-generating vasodilators and 8-bromo-cyclic quanosine
monophosphate inhibit mitogenesis and proliferation of cultured rat vascular smooth muscle
cells. J Clin Invest 1989; 83:1774-1777.

Gent M, Blakely JA, Easton JD, and the CATS Groups . The Canadian American

Ticlopidine Study (CATS) in thromboembolic stroke. Lancet 1989; 2:1215-1220.

Gerrity RG. The role of the monocytes in atherogenesis. Am J Pathol 1981; 103:181-190.

Gianturco SH, Bradley WA. Interactions of triglycerides-rich lipoproteins with receptors:

Modulation by thrombin. Semin Thromb Hemost 1986; 12:277-279.

101

plasminogen activator in a canine model of coronary thrombosis. Circulation 1989;
79:911-919.

Golino P, Rosolowsky M, Yao S-K, McNatt J, De Cleck F, Buja LM, Willerson JT.
Endogenous prostaglandin endoperoxides and prostacyclin modulate the thrombolytic
activity of tissue plasminogen activator. Effects of si 1| inhibition of thromt

A, synthetase and blockade of thrc A, /pr Jandin H, recep in 2 canine
model of coronary thrombosis. J Clin Invest 1990; 86:1095-1102.

Goodnight SH, Harris WS, Connor WE. The effects of dietary ommega 3 fatty acids on
platelet composition and function in man: A prospective, controlied study. Blood 1981;
58:880-885.

Gordon JB, Berk BC, Bettman MA, Selwye AP, Rennke H, Alexander RW. Vascular
smooth muscle proliferation following balloon injury is synergistically inhibited by low
molecular weight heparin and hydrocortisone (Abstract). Circulation 1987; 76
(SuppLIV):IV-213.

Gorman JJ, Castaldi PA, Shaw DC. The structure of human thrombin in relation to autolytic
degradation. Biochem Biophys Acta 1976; 439:1-16.

Graham DM, Lyon TP, Gofman JW, Jones HB, Yankley A, Simonton J, White S. Blood
lipids and lerosis. II. The infh of heparin upon lipoprotein metabolism.
Circulation 1951; 4:666-673.

Graham DY, Smith JL. Aspirin and the stomach. Ann Intern Med 1986; 104:390-398.

Grigg LE, Kay TWH, Valentine PA. Determinants of restenosis and lack of effect of dietary
ppl ion with eicosap ic acid on the incid of coronary artery restenosis
after angioplasty. J Am Coll Cardiol 1989; 13:665-672.

Grinnell BW, Berg DT, Walls J. T ivated expression of fully g boxylated
recombinant human protein C, an antithrombotic factor. Biotech 1987; 5:1189-1195.

Gruber A, Griffin JH, Harker LA, Hanson SR. Inhibition of platelet dependent thrombus
formation by human activated protein C in a primate model. Blood 1989; 73:639-642.

Gruber A, Hanson SR, Kelly AB, Yan BS, Bang N, Griffin JH, Harker LA Inhibition of
thrombus formation by activated recombinant protein C in a primate model of arterial
thrombosis. Circulation 1990; 82:578-585.

Gruber A, Harker LA, Hanson SR, Kelly AB, Griffin JH. Antithrombotic effects of
combining activated protein C and urokinase in nonhuman primates. Circulation 1991;
84:2454-2464.

100

Gibbons GH, Pratt RE, Dzau VJ. Angiotensin II (ANG If) is 2 bifunctional vascular smooth
muscle cell (VSMC) growth factor (Abstract). Hypertension 1989; 14:358.

Gibbons GH, Pratt RE, Dzau VJ. Vascular myocyte hypertrophy versus hyperplasia:
Autocrine transforming growth factor-beta determines response to angiotensin IT (Abstract).
J Clin Res 1990; 38:287A.

Ginsberg JS, Hirsh J, Gent M. A phase II study of hirulog in the prevention of venous
thrombosis after major hip or knee surgery (Abstract). Circulation 1992; 86 (Suppl 1):1-409.

GISSI . Effectiveness of intr t bolytict inacuteir ion. Lancet 1986;
1:397-401.

GISSI-2 . A factorial randomized trial of alteplase versus streptokinase and heparin versus
no heparin aming 12,490 patients *ith acute myocardial infarction. Lancet 1990; 336:65-71.

Glenn KC, Carney DH, Fenton JW,II, Cunningham DD. Thrombin -active site region
required for fibroblast receptor binding and initiation of cell division. J Biol Chem 1980;
255:6609-6616.

Glenn KC, Frost GH, Bergmann JS, Carney DH. Synthetic peptides bind to high-affinity
thrombin receptors and modulate thrombin mitogenesis. Peptide Res 1988; 1:65-73.

Glimelius B, Busch C, Hook M. Binding of heparin on the surface of cultured human
endothelial cells. Thromb Res 1978; 12:773-782.

Gold HK, Coller BS, Yasuda T, Saito T, Fallon JT, Guerrero JL, Leinbach RC, Ziskind AA,
Colier D. Rapid and susteined coronary artery ization with combined bolus injecti
of bi tissue-type plasminogen acti and monoclonal antiplatelet GP IIb/Illa
antibody in a canine preparation. Circulation 1988; 77:670-677.

Gold HK, Gimple LW, Yasuda T, Leinbach RC, Werner W, Holt R, Jordan R, Berger H,
Coller D, Coller BS. Pharmacodynamic study of F(ab’)2 fragments of murine monoclonal
antibody 7E3 directed against human platelet glycoprotein IIb/11Iz, in patients with bl
angina pectoris. J Clin Invest 1990; 86:651-659.

Golino P, Ashton JH, Glas-Greenwalt P, McNatt J, Buja LM, Willerson JT. Mediation of
reocclusion by thromboxane A, and serotinin after thrombolysis with tissue-type plasminogen
activator in 2 canine preparation of coronary thrombosis. Circulation 1988; 77:678-684.

Golino P, Ashton JH, McNatt J, Glas-Greenwalt P, Sheng-Kun Y, O’Brien RA, Buja LM,
Willerson JT. Simultaneous administration of thromboxane A,- and S,-receptor antagonists
markedly enhances thrombolysis and prevents or delays reocclusion after tissue-type

102

Gruentzig AR, Myler RK, Hanna EH, Turina ML Coronary transluminal angioplasty
(Abstract). Circulation 1977; 55-56, (Suppl.TI):III-84. .

Guyton JR, Rosenberg RD, Clowes AW, Karnowsky MJ. Inhibition of rat arterial smooth
muscle cell proliferation by heparin. In vivo studies with anticoagulant and nonanticoagulant
heparin. Circ Res 1980; 46:625-634.

Hackett D, Davies G, Chierchia S, Maseri A Intermittent coronary occlusion in acute
myocardial infarction: value of combined thrombolytic and vasodilatory therapy. N Engl J
Med 1987; 317:1055-1059.

Hanasaki K, Nakano T, Arita H. Receptor mediated mitogenic effect of thromboxane A,
in vascular smooth muscle cells. Biochem Pharm 1990; 40:2535-2542.

Handa M, Titani K, Holland LZ, Roberts JR, Ruggeri ZM. The von Willebrand
factor-binding domain of platelet membrane glycoprotein Ib. J Biol Chem 1986;
261:12579-12585.

Handeland GF, Abidgaard GF, Holm U, Arnesen K-E. Dose adjusted heparin treatment
of deep venous thrombosis: a comparison of unfracti d and low molecular weight
heparin. Eur J Clin Pharmacol 1990; 39:107-112.

Hanson SR. Platelet-specific antibodies as in vivo therapeutic reag A baboon model.
Tn: Kunicki TJ, George JN, eds. Platelet Immunology: Molecular and Clinical Aspects.
Philadelphia: J.B. Lippincott, 1989:471-483.

Hanson SR, Harker LA. Interruption of acute platelet-dep hrombosis by the

synthetic antithrombin D-phenylalanyl-L-propyl-arginyl chiorometyl ketone. Proc Natl Acad
Sci USA 1988; 85:3184-3188.

Hanson SR, Kelly AB, Gruber A. Antit botic efficacy and h ic safety of activated
protein C in vivo. Advances Appl Biotech 1990; 11:187-192.

Hanson SR, Kotze HF, Harker LA, Scarborough RM, Charo IF, Phillips DR. Potent
antithrombotic effects of novel peptide antagonists of platelet glycoprotein (GP) Iib/Illa
(Abstract). Thromb Haemost 1991; 65:813.

Hanson SR, Pareti FI, Ruggeri ZM, Marzec UM, Kunicki TJ, Montgomery RR, Zimmerman
TS, Harker LA. Effects of monoclonal antibodies against the platelet glycoprotein [Ib/Iia
lex on thrombosis and is in the baboon. J Clin Invest 1988; 82:149-158.

P

Hanson SR, Powell JS, Dodson T, Lumsden A, Kelly AB, Anderson JS, Clowes AW, Harker
LA. Effects of angiotensin converting enzyme inhibition with cilazapril on intimal



103

hyperplasia in injured arteries and vascular grafts in the baboon. Hypertension 1991; 18
(SuppLIT):11-70-11-76.

Hanson SR, Wilcox JN, Kelly AB, Lumsden AB, Scott NA, Harker LA. Thrombin mediation
of arterial smooth muscle cell (SMC) proliferation after mechanical vascular injury in
non-human primates (Abstract). Blood 1992; 80 (Suppl 1):166a.

Hanson SR, Griffin JH, Harker LA, Kelly AB, Esmon CT, Gruber A. Antithrombotic
effects of thrombin-induced activation of endogenous protein C in primates. J Clin Invest
1993;92:2003-2012.

Hanson GK, Stemme S, Seifert P, Holm J. Immune-vascular interactions. Pathogenetic
mechanisms that may lead to new therapeutic approaches. Circulation 1994; in press.

Harenberg J. Pharmacology of low molecular weight heparins. Sem Thromb Haemost 1990;
16:12-18.

Harker LA, Gent M. The use of agents that modify platelet function in the management of
thrombotic disorders. In: Colman RW, Hirsh J, Marder VJ, Salzman EW, eds. Hemostasis
and Thrombosis: Basic Principles and Clinical Practice. 2rd ed. Philadephia: J.P. Lippincott,
1987:1438-1456.

Harris WS, Connor WE, McMurry MP. The comparative reduction of the plasma lipids and
lipoproteins by dietary polyunsaturated fats: salmon oil varsus vegetable oils. Metabolism
1983; 32:179-184.

Haskel EJ, Adams SP, Feigen LP, Saffitz JE, Gorczynski RJ, Sobel BE, Abendschein DR.
Prevention of reoccluding platelet-rich thrombi in canine femoral arteries with 2 novel
peptide antagonist of platelet glycoprotein ITb /ITa receptors. Circulation 1989; 80:1775-1782.
Haskel EJ, Prager NA, Sobel BE, Abendschein DR. Relative efficacy of antithrombin

pared with antiplatelet agents in accelerating coronary thromboly: is and p ing early
reocclusion. Circulation 1991; 83:1048-1056.

Haskel EJ, Torr SR, Day KC, Palmier MO, Wun T-C, Sobel BE, Abendschein DR.
Prevention of arterial lusion after thrombolysis with binant li i iated
coagulation inhibitor. Circulation 1991; 84:821-827.

POp

Hass WK, Easton JD, Adams HP, Pryse-Phillips W, Molony BA, Anderson S, Kamm B, for
the Ticlopidine Aspirin Stroke Study Group. A randomized trial comparing ticlopidine
hydrochloride with aspirin for the prevention of stroke in high-risk patients. N Engl J Med
1989; 321:501-507.

105

Hirsh J, Van Aken WG, Gallus AS, Dollery CT, Cade JF, Yung W. Heparin kinetics in
venous thrombosis and pulmonary embolism. Circulation 1976; 53:691-695.

Hobbelen PM, Vogel GM, Meuleman DG. Time courses of the antithrombotic effects,
bleeding enhancing effects and interactions with factors Xa and thrombin after

dministration of low molecular weight heparinoid ORG 10172 or heparin to rats. Thromb
Res 1987; 48:549-558.

Hogg PJ, Jackson CM. Fibrin monomer protects thrombin from inactivation by
heparin-antithrombin III: Implications for heparin efficacy. Proc Natl Acad Sci USA 1989;
86:3619-3623.

Hollman J, Konrad K, Raymond R, Whitlow P, Michala M, Van Lente F. Lipid lowering
for the prevention of recurrent stenosis following coronary angioplasty (Abstract).
Circulation 1989; 80 (SupplLII):11-65.

Holmer E. Low molecular weight heparin. In: Lane DA, Lindahl U, eds. Heparin; Chemical
and Biological Properties, Clinical Applications. Boca Raton, Florida: CRC Press Inc.,
1989:575-595.

Holmer E, Kurachi K, Soderstrom G. The molecular-weight dependence of the
rate-enhancing effect of heparin on the inhibition of thrombin, factor Xa, factor IXa, factor
Xla, factor XIIa and kallikrein by antithrombin. Biochem J 1981; 193:395-400.

Holmer E, Matsson C, Nilsson S. Anticoagulant and antithrombotic effects of low molecular
weight heparin fragments in rabbits. Thromb Res 1982; 25:475-485.

Holmer E, Soderberg K, Berggvist D, Lindah! U. Heparin and its low molecular weight
derivatives: Anticoagulant and antithrombotic properties. Haemostasis 1986; 16 (Suppl
2):1-7.

Hong M, Bhatti T, Matthews BJ, Stark KS, Cathapermal SS, Foegh ML, Ramwell PW, Kent
KM. The effect of porous balloon-delivered angiopeptin on myointimal hyperplasia after
balloon injury in the rabbit. Circulation 1993; 88:638-648.

Hook M, Bjork I, Hopwood J, Lindahl U. Anticoagulant activity of heparin: separation of
high activity and low-activity heparin species by affinity chromatography on immobilized
antithrombin. FEBS Letters 1976; 66:90-93.

Hoover Mj, Rosenberg R, Hearing W, Karnovsky MJ. Inhibition of rat arterial smooth
muscle cell proliferation by heparin. II. In vitro study. Circ Res 1980; 47:578-583.

Hsia J, Hamilton WP, Kleiman N, Roberts R, Chaitman BR, Ross AM, for the Heparin-
Aspirin Reperfusion Trial (HART) Investigators. A comparison between heparin and low

104

Haverstick DM, Cowan JF, Yamada KM, Santoro SA. Inhibition of platelet adhesion to
fibronectin, fibrinogen, and von Willebrand factor substrates by a synthetic tetrapeptide
derived from the cell-binding domain of fibronectin. Blood 1985; 66:946-952.

Hawkey CJ, Somerville KW, Marshall S. Prophylaxis of aspirin-induced gastric 1
bleeding with ranitidine. Alimentary Pharmacol Ther 1988; 2:245-252.

Healy DA, Zierler RE, Nicholls SC. Long-term follow-up and clinical outcome of carotid
restenosis. J Vasc Surg 1989; 10:662-669.

Hedman K, Johansson S, Vartio T, Kjelien L, Vaheri A, Hook M. Structure of the
pericellular matrix: Association of heparan and chondroitin sulfates with
fibronectin-procollagen fibers. Cell 1982; 28:663-671.

Hemker HC. The mode of action of heparin in plasma. In: Verstracte M, Vermylen J,
Lijnen HR, Arnout J, eds. XIth Congress on Thrombosis and Haemostasis. Brussels. Leuven
University Press 1987; 17-38.

H k CH, Peto R, Hutchison GB, Doll R. An overview of the British and American
Aspirin Studies. N Engl J Med 1988; 318:923-924.

Heras M, Chesebro JH, Penny W, Bailey KR, Badimon L. Effects of thrombin inhibition
on the lop of acute platelet-thrombus deposition during angiop in pigs:
Heparin versus recombinant hirudin, a specific thrombin inhibitor. Circulation 1989;
79:657-665.

Heras M, Chesebro JH, Webster MWL, Mruk JS, Grill DE, Penny ‘WJ, Bowie EIW,
Badimon L, Fuster V. Hirudin, heparin, and placebo during deep arterial injury in the pig:
The in vivo role of t bin in platel diated thrombosis. Circulation 1990;

plat

82:1476-1484.

Hirayama A, Nanto S, Ohara T, Nishida K, Oluyama Y, Kodama K. Preventive effect on
restenosis after PTCA by Ebselen: A newly synthetized anti-inf] ion agent (Poster #
17). Restenosis Summit IV 1992; Cleveland, Ohio, USA.

Hirsh J. Drug therapy. N Engl J Med 1991; 324:1565-1574.

Hirsh J. Thrombolytic th U lved issues and future directions. In: Trombolisi Year

Book 1994, Agnelli G (ed): ‘Excepta Medica, Italy, 1994;195-231 (English version will be
printed in June 1994).

Hirsh J, Dalen JE, Deykin D, Poller L. Oral anticoagulants; mechanisms of action, clinical
effectiveness, and optimal therapeutic range. Chest 1992; 102(4):3128-326S.

106

dose aspirin as adjunctive therapy with tissue plasminogen activator for acute myocardial
infarction. N Engl J Med 1990; 323:1433-1437.

Hsia J, Kleiman NS, Aguirre F. Heparin-induced prolongation of partial thromboplastin
time after thrombolysis: Relation to coronary artery patency. J Am Coli Cardiol 1992;
20:31-35.

Huang TF. A low molecular weight peptide inhibiting fibrinogen interaction with platelet
receptors axpressed on glycoprotein IIb/Illa complex. J Biol Chem 1987; 262:16157-16163.

Hugh TE. Complement factors and inflammation: Effect of alfa-thrombin on complements
C, and C,. Chemistry and Biology of Thrombin (Lundblad RL, Ed.) 1977; 345-360.

Hull RD, Raskob GE, Pineo GF, Green D, Trowbridge AA, Elliott CG, and Colleagues.
A randomized double-blind trial of low molecular weight heparin in the initial treatment of
proximal vein thrombosis (Abstract). Thromb Haemost 1991; 65 (Suppl):872.

Hung DT, Vu T-KH, Wheaton VI, Charo IF, Nelken NA, Esmon N, Esmon CT, Coughlin
SR. "Mirror Image" gonists of thrombin-induced platalet activation based on thrombin
receptor structure. J Clin Invest 1952; 89:444-450.

Hung DT, Vu T-KH, Wheaton VI, Ishii K, Coughlin SR. Cloned thrombin receptor is
y for bin-induced platelet activation. J Clin Invest 1992; 89:1350-1353.

Hynes RO. Integrins: Versality, modulation, and signaling in cell adhesion. Cell 1992;
69:11-25.

Ignarro LY. Biological actions and properties of endothelium-derived nitric oxide formed and
released from artery and vein. Circulation Research 1989; 65:1-21.

Ikeda Y, Handa M, Kawano K, Kamata T, Murata M, Araki Y, Anbo H, Kawai Y,
Watanabe K, Itagaki I, Sakai K, Ruggeri ZM. The role of von Willebrand factor and
fibrinogen in platelet aggregation under varying shear stress. J Clin Invest 1991;
87:1234-1240.

Inoue A, Yanagisawa M, Kimura S. The human endothelin family: Three structurally and
pharmacologically distinct isopeptides predicted by three separate genes. Proc Natl Acad Sci
USA 1989; 86:2863-2867.

Ip JH, Fuster V, Israel D, Badimon L, Badimon JJ, Chesebro JH. The role of platelets,
thrombin and hyperplasia in restenosis after coronary angioplasty. J A C C 199%;
17:77B-88B.



107

ISIS-2 Collaborative Group. Randomized trial on intravenous streptokinase, oral aspirine,
both, or neither among 17,187 cases of suspected acute myocardial infarction. The Lancet
1988; 11:349-360.

ISIS-3 Collaborative Group. A randomized comp-rison of streptokinase vs tissue
plasminogen activator vs anistreplase and of aspirin plus heparin vs aspirin alone among
41,299 cases of suspected acute myocardial infarction. Lancet 1992; 339:753-770.

Itoh H, Pratt RE, Dzau VJ. Growth inhibitory action of an atrial natriuretic polypeptide
(ANP) on vascular smooth muscle cell: New antagonistic relationship to the
renin-angiotensin system (RAS) (Abstract). J Clin Res 1990; 38:239A.

Tuliueci JD, Treacy G, Cornell S. Anti-platelet activity and safety of chimeric anti-platelet
monoclonal antibody 7E3 FAB combined with streptokinase and anticoagulant drugs
(Abstract). Circulation 1991; 84 (Suppl.II):1I-247.

Jackson CM. Mechanisms of prothrombin activation. In: Colman RB, Hirsh J, Marder VI,
Salzman EW, eds. Hemostasis and Thrombosis. Basic Principles and Clinical Practice. 2nd
ed. Philadelphia: J.B. Lippincott Company, 1987:135-147.

Janzon L, Bergqvist D, Boberg J, Boberg M, Eriksson I, Lindgarde F, Persson G. Prevention
of myocardial infarction and stroke in patients with intermittent claudication; effects of
ticlopidine. Results from STIMS, the dish Ticlopidine Multi Study. J Intern Med
1990; 227:301-308.

Johnson EA, Mulloy B. The molecular-weight range of commercial heparin preparations.
Carb Res 1979; 51:119-126.

Johnston KW, Rae M, Hogg-Johnston SA, Math B, Math M, Colapinto RF, Walker PM,
Baird RJ, Sniderman KW, Kalman P. § years results of a prospective study of p
transluminal angioplasty. Ann Surg 1987; 206:403413.

Jokay I, Kilemenics K, Karczag F, Foldes IL. Interaction of glucocorticoids and heparin on
the humoral i P of mice. I biology 1980; 157:390-400.

Jordan RE, Qosta GM, Gardner WT, Rosenberg RD. The kinetics of hemostatic

y ithrombin i ions in the p of low molecular weight heparin. J Biol
Chem 1980; 255:10081-10090.

Kaltenbach M, Vallbracht C. Reopening of chronic coronary artery occlusions by low speed
rotational angioplasty. J Interven Cardiol 1989; 2:137-145.

Kaminski M, McDonagh J. Studies on the hanism of tt bin. I ion with fibrin.
J Biol Chem 1983; 258:10530-10535.

109

Kikumoto R, Tamao Y, Tezuka T. Selective inhibition of thrombin by
(2R,4R)-4-methyl-1-[N2-[(3-methy1-1,2.3,4-tetrahydro-8- quinoliny 1)
sulfonyl}-L-arginyl)]-2-pipridi boxylic acid. Biochemistry 1984; 23:85-30.

Kitazume H, Kubo I, Iwama T, Ageishi Y, Suzuki A. Combined use of aspirin, ticlopidine
and ni dil prevented is after coronary angioplasty (Abstract). Circulation 1988;
78 (Suppl. 11):11-633.

Kjellen L, Oldberg A, Hook M. Cell surface hep sulfate: Mechani of
proteoglycan-cell association. J Biol Chem 1980; 255:10407-10413.

Kleiman NS, Ohman EM, Keriakes DJ, Ellis SG, Weisman HF, Topol EJ, for TAMI 8
Investigators. Profound platelet inactivation with 7E3 shortly after thrombolytic therapy for

acute myocard P y results of the TAMI 8 trial (Abstract). Circulation
1991; 84 (Suppl.II):I-522.
Klein W, Eber B, Fluch N, Dusleag J. Ketanserin p acute occlusion but not r

after PTCA (Abstract). J Am Coll Cardiol 1989; 13 (Suppl.A):44A.

Knabb RM, Kettner CA, Reilly TM. Thrombin inhibition with DuP 714 accelerates
reperfusion and delays reocclusion in dogs (Abstract). Circulation 1991; 84 (Suppl I):1-467.
Knudtson ML, Flintoft VA, Roth DL, Hansen JL, Duff HJ. Effect of short-term prostacyclin

dministrati i transluminal coronary angiopl J Am

on after p
Coll Cardiol 1990; 15:690-697.

Kotze H, Lumsden A, Harker L, Hanson S. In vivo antithrombotic effects of local vs.
systemic therapy with potent antithrombins (Abstract). Circulation 1990; 82 (Suppl
I0):1I0-659.

Kronman N, Green A. Epidemiological studies in the Upernavik district, Greenland. Acta
Med Scand 1980; 208:401-406.

Krupski WC, Bass A, Cadroy Y, Kelly AB, Harker LA, Hanson SR. Antihemostatic and
i botic effects of lonal antibodies against von Willebrand factor (vWF) in
non-human primates. Surgery 1994; in press.

Krupski WC, Bass A, Kelly AB, Marzec UM, Hanson SR, Harker LA. Heparin-resistant
thrombus formation by endovascular stents in baboons: Interruption by a synthetic
antithrombin. Circulation 1990; 82:570-577.

Krupski WC, Bass A, Kelly AB, Ruggeri ZM, Harker LA, Hanson SR. Interruption of
vascular thrombosis by bolus anti-platelet glycoprotein IIb/Ila (GPHb/Il2) monoclonal
antibodies in baboons. J Vasc Surg 1993; 17:294-304.

108

Kaminsky M, McDonagh J. Inhibited thrombins: Interactions with fibrinogen and fibrin.
Biochem J 1987; 242:881-887.

Kanwar YS, Faquhar MG. Heparan sulfate: Presence of heparan sulfate in glomerular
basement membrane. Proc Natl Acad Sci USA 1979; 76:1303-1307.

Kaplan JE, Saba TM. Enhancement of reticuloendothelial activity by low-dose heparin
during intravascular coagulation. J Reticuloendothel Soc 1981; 29:381-393.

Kauffman RF, Bean J$, Zimmerman KM, Brown RF, Steiberg MI. Losartan, a nonpeptide
angiotensin I (Angll) receptor antagonist, inhibits neointima formation following balloon
injury to rat carotid arteries. Life Science 1991; 49:223-228.

Kaufman UP, Garratt KN, Vlietstra RE, Menke KK, Holmes DR. Coronary atherectomy:
First 50 patients at the Mayo clinic. Mayo Clin Proc 1989; 64:747-752.

Kelly AB, Hanson SR, Henderson LW, Harker L. Prevention of heparin-resistant thrombotic
occlusion of hollow-fiber hemodialyzers by synthetic antithrombin. J Lab Clin Med 1989;
114:411-418.

Kelly AB, Hanson SR, Knabb R, Reilly TM, Harker LA. Relative antithrombotic potencies
and hemostatic risks of reversible D-Phe-Pro-Arg (D-FPR) antithrombin derivatives
(Abstract). Thromb Haemost 1991; 65:736.

Kelly AB, Marzec UM, Krupski W, Bass A, Cadroy Y, Hanson SR, Harker LA. Hirudin
interruption of heparin-resistant arterial thrombus formation in baboons. Blood 1991;
77:1006-1012.

Kensey KR, Nash JE, Abrahams C, Zarins CK. Recanalization of obstructed arteries with
a flexible, rotating tip catheter. Radiology 1987; 165:387-389.

Kessler CM, Kelly AB, Suggs WD, Scarborough RM, Charo IF, Phillips DR, Harker LA,
Hanson SR. Prevention of embolic stroke by a novel antagonist of platelet GP IIb/Ila
(Abstract). Circulation 1991; 84 (Suppl I1):1I-32.

Kettner C, Mersinger L, Knabb R. The selective inhibition of thrombin by peptides of
boroarginine. J Biol Chem 1990; 265:18289-18297.

Kettner C, Shaw E. D-Phe-Pro-ArgCH2CL. A selective affinity label for thrombin. Thromb
Res 1979; 14:969-973.

Kieffer N, Phillips DR. Platelet membrane glycoproteins: Functions in cellular interactions.
Annu Rev Cell Biol 1990; 6:329-357.

110

Kyrle PA, Eichler HG, Jager U, Lechner K. Inhibition of prostaglandin and thr
A2 generation by low- dose aspirin at the site of plug formation in man in vivo. Circulation
1987; 75:1025-1029.

Lader E, Young L, Clarke A. Warfarin dosage and vitamin K in osmolite. Ann Intern Med
1980; 93:373-374.

Lam JYT, Chesebro JH, Steele PM, Badimon L, Fuster V. Is vasospasm related to platelet
deposition? Relationship in a porcine preparation of arterial injury in vivo. Circulation 1987;
75:243-248.

Lam LH, Silbert JE, Rosenberg RD. The separation of active and inactive forms of heparin.
Biochem Biophys Res Commun 1976; 69:570-577.

Lanchantin GF, Plesset ML, Friedmann JA, Hart DW. Dissociation of esterolytic and
clotting activities of thrombin by trypsin-binding macroglobulin. Proc Soc Exp Biol Med
1966; 121:444-449.

Landymore RW, Kinley CE, Cooper JH, Macaulay M, Sheridan B, Cameron C. Cod-liver
oil in the prevention of intimal hyperplasia in autogenous vein graft used for arterial bypass.
J Thorac Cardiovasc Surg 1985; 89:351-357.

Landymore RW, Mac Aulay MA, Fris J. Effect of aspirin on intimal hyperplasia and
cholesterol uptake in experimental bypass grafts. Can J Cardiol 1991; 7:87-90.

Lane DA. Heparin binding and neutralizing protein. In: Lane DA, Lindahl U, eds. Heparin,
Chemical and Biological Properties, Clinical Applications. Boca Raton, Florida: CRC Press,
Inc., 1989; 363-381.

Lane DA, Pejler G, Flynn AM. Neutralization of heparin-related saccharides by
histidine-rich glycoprotein and platelet factor 4. J Biol Chem 1986; 261:3980-3986.

Lassila R, Badi 13, Vallabhajosula S, Badi L. Dynamic monitoring of platelet
deposition on severely damaged vessel wall in flowing blood: effects of different stenosis on
bus growth. Arteriosclerosis 1990; 10:306-315.

Lee CD, Mann KG. Activation/inactivation of human factor V by plasmin. Blood 1989;
73:185-190.

Lee G, Tkeda RM, Joye JA. Evaluation of transluminal angioplasty of chronic coronary
stenosis, value and limitations assessed in fresh human cadaver hearts. Circulation 1980;
61:77-83.



111

Leibovich SJ, Ross R. A macrophage-dependent factor that stimulates the proliferation of
fibroblasts in vivo. Am J Pathol 1976; 84:501-514.

Leimgruber PP, Roubin GS, Hollman J. Restenosis after successful coronary angioplasty in
patients with single vessel disease. Circulation 1986; 73:710-717.

Leslie CC, Musson RA, Henson PM. Production of growth factor activity for fibroblasts by
human monocyte-derived macrophages. J Leuk Biol 1984; 36:143-159.

Levine EG, Stern DM, Nawroth PP. Specificity of the thrombin-induced release of tissue
plasminogen activator from cultured human endothelial cells. Throm Haemost 1986;
56:115-119.

Levine MN, Hirsh J, Gent M, Turpie AGG, Leclerc J. A randomized trial comparing
Enoxaparine low molecular weight heparin with standard unfractionated heparin in patients
undergoing elective hip surgery. Ann Int Med 1991; 114:541-545.

Levy M. Aspirin use in patients with majo upper gastrointestinal bleeding and peptic ulcer
disease. N Engl J Med 1974; 290:1158-1162.

Levy RJ, Golomb G, Trachy J, Labhasetwar V, Muller D, Topol E. Strategies for treating
arterial restenosis using polymeric controlled release implants. Restenosis Summit IV 1992;
Cleveland, Ohio, USA:238-253.

Libby P, Warner SIC, Salomon RN, Birinyi LK. Production of platelet-derived growth
factor-like mitogen by smooth muscle cells from human atheroma. N Eng J Med 1988;
318:1493-1498.

Libby PS, Warner JC, Friedman GB. Interleukin-1: A mitogen for human vascular smooth
muscle cells that induces the release of growth-inhibitory prostanoids. J Clin Invest 1988;
81:487-498.

Lidon R-M, Theroux P, Bonan R, Lesperance J, Maraganore J, Adelman B, Waters D.
Hirulog as adjunctive therapy to streptokinase in acute myocardial infarction (Abstract). J
A C C1993; 21:419A.

Liebovich SJ, Ross R. A phage-dependent factor that sti the proliferation of
fibroblast in vitro. Am J Pathol 1976; 84:501-513.

Lijnen HR, Hoylaerts M, Collen D. Heparin binding properties of human histidine-rich
glycoprotein. Mechanism and role in the neutralization of heparin in plasma. J Biol Chem

1983; 258:3803-3308.

113

Loesberg C, Wijik RV, Zandbergen J, Van Aken WG, Van Mourik JA, Degrost PHG. Cell
cycle-dependent inhibition of human vascular smooth muscle cell proliferation by
prostaglandin E1. Exp Cell Res 1985; 160:117-125.

Lollar P, Owen WG. Clearance of thrombin from circulation in rabbits by high-affinity
binding sites on endothelium. Possible role in the inactivation of thrombin by antithrombin
111 J Clin Invest 1980; 66:1222-1230.

Lumley P, White BP, Humphrey PPA. GR 32191, a highly potent and specific thromboxane
A, receptor blocking drug on platelet and vascular and airway smooth muscle in vitro. Br
J Pharmacol 1989; 97:783-794.

Lumsden AB, Kelly AB, Schneider PA, Krupski WC, Dodson T, Hanson SR, Harker LA.
Lasting safe interruption of endarterectomy thrombosis by transiently infused antithrombin
peptide D-Phe-Pro-ArgCH2Cl in baboons. Blood 1993; 81:1762-1770.

Lundergan CF, Foech ML, Ramwell PW. Peptide inhibition of myointimai proliferation by
giopeptin, a s i ! J Am Coll Cardiol 1991; 17:132B-136B.

Lynch CM, Clowes MM, Osborne WR, Clowes AW, Miller AD. Long-term expression of
human adenosine deaminase in vascular smooth muscle cells of rat: A model for gene
therapy. Proc Natl Acad Sci USA 1992; 89:1138-1142.

Macintyre DE, Handin RI, Rosenberg RD, Salzman EW. Heparin affects prostanoid platelet
inhibtors by direct enhancemert of aggregation. Thromb Res 1981; 22:167-175.

MacKercher PA, Ivey KJ, Baskin WN, Krause WIJ. P ive effect of Cimetidine on
aspirin-induced gastric mucosal damage. Ann Intern Med 1977; 87:676-679.

Magnani B, for Plasminogen Activator Italian Multicenter Study (PAIMS) . Comparison of
bi ingle-chain human tissue-type plasminogen activator. J Am Coll

Cardiol 1989; 13:19-26.

Mahadoo J, Hiebert C, Jaques LB. Vascular sequestration of heparin. Thromb Res 1977;
12:79-90.

Majack RA, Borstein P. Heparin and related glycc inogl dulate the y
phenotype of vascular smooth muscle cells. The Journal of Cell Biology 1984; 99:1688-1695.

Majack RA, Cook SC, Bornstein P. Control of smootn muscle cell growth by components

of the Ilular matrix: A ine role for thrombospondin. Proc Natl Acad Sci USA -

1986; 83:9050-9054.

12
Limet R, David JL, Magotteaux P, Larock M-P, Rigo P. Prevention of aorta-coronary bypass
graft occlusion: Beneficial effect of ticlopidine on early and late patency rate of venous
coronary bypass grafts: A double-blind study. J Thorac Cardiovasc Surg 1987; 94:773-783.

Lindahl U, Backstrom G, Hook M, Thunberg L, Fransson L-A, Linker A. Structure of the
antithrombin-binding site of heparin. Proc Natl Acad Sci USA 1979; 76:3198-3202.

Lindahl U, Hook M. Glycosaminoglycans and their binding to biological macromolecules.
Anmual Review of Biochemistry 1978; 47:385-417.

Lindah! U, Thunberg L, Backstrom G, Riesenfeld J, Nordling K, Bjork 1. Extension and
structural variability of the antithrombin-binding sequence in heparin. J Biol Chem 1984;
259:12368-12376.

Lindner V, Lappi DA, Baird A, Majack RA, Reidy MA. Role of basic fibroblast growth
factor in vascular lesion formation. Circ Res 1991; 68:106-113.

Lindner V, Reidy MA. Proliferation of smooth muscle cells after vascular injury is inhibited
by an antibody against basic fibroblast growth factor. Proc Natl Acad Sci USA 1991;
88:3739-3743.

Little WC. Angiographic assessment of the culprit coronary artery lesion before acute
myocardial infarction. Am J Cardiol 1990; 66:44G-47G.

Little WC, Constantinescu M, Applegate RJ, Kutcher MA, Burrows MT, Kahl FR,
Santamore WP. Can coronary angiography predict the site of a subsequent myocardial
infarction in patients with mild-to-moderate coronary artery disease? Circulation 1988;
78:1157-1166.

Liu CY, Nossel HL, Kaplan KL. The binding of thrombin by fibrin. J Biol Chem 1979;
245:10421-10425.

Liu MW, Lin SJ, Tsai CW, Chang MS. Intramural alcohol delivery reduced intimal
proliferation following balloon injury in rabbit iliac arteries (Poster # 23). Restenosis
Summit IV 1992; Cleveland, Ohio, USA.

Liu MW, Roubin GS, King SB. Restenosis after coronary angioplasty. Potential biologic
determinants and role of intimal hyperplasia. Circulation 1988; 79:1374-1387.

Loeliger EA, van der Esch B, Mattern MJ, Hemker HC. The biological disappearance rate
of prothrombin, factors VII, IX and X from plasma in hypothyroidism, hyperthyroidism, and
during fever. Thromb Diath Haemorrh 1964; 10:267-277.

114

Majack RA, Cook SC, Borstein P. Platelet-derived growth factor and heparin-like
glycosaminoglycans regulate thrombospondin synthesis and deposition in the matrix by
smooth muscle cells. J Cell Biol 1985; 101:1059-1070.

Majack RA, Goodman LV, Dixit VM. Cell surface thrombosp »ndin is functionally essential
for vascular muscle cell proliferation. The Journal of Cell Biology 1988; 106:415-422.

Majerus PW. Arachidonate metabolism in vascular disorders. J Clin Invest 1983;
72:1521-1525.

Malhotra OP, Nesheim ME, Marn KG. The kinetics of activation of normal and gamma
carboxy glutamic acid deficient prothrombins. J Biol Chem 1985; 260:279-287.

Mancini GBJ. Quantitative coronary arteriographic methods in the interventional
catheterization laboratory. J Am Coll Cardiol 1991; 17:23B-33B.

Manson JE, Stampfer MJ, Colditz GA, Willett 'WC, Rosner B, Speizer FE, Hennekens CH.
A prospective study of aspirin use and primary prevention of cardiovascular disease in
women. JAMA 1991; 266:521-527.

Maraganore J, Chao B, Joseph ML, ky J, R handran KL. Anticoagulant activity
of synthetic hirudin peptides. Journal of Biological Chemistry 1989; 264:3692-8698.

Maraganore JM, Bourdon P, Jablonski J, R handran KL, Fenton JW,II. Design and
characterization of hirulogs: A novel class of bivalent peptide inhibitors of thrombin.
Biochemistry 1990; 29:7095-7101.

Marciniak E. Factor Xa inactivation by antit in IIL. Evid for biologt
stabilization of factor Xa by factor V-phospholipid complex. Br J Haematol 1973;
24:391-400.

Marciniak E. Factor Xa inactivation by antithrobmin III: Evidence for biological
stabilization of factor Xa by factor V-phospholipid complex. Br J Hematol 1973; 24:391-400.

Markwardt F. Hirudin as a inhibitor of thrombin. In Colowick SP,Kaplan NO, eds. Methods
in Enzymology. Vol. 19, Academic Press, New York, 1970; 924-932.

Markwardt F. Pharmacology of hirudin: One hundred years after the first report of the
anticoagulant agent. Biomed Biochim Acta 1985; 44:1007-1103.

Markwardt F. Pharmacological approaches to thrombin regulation. Ann NY Acad Sci 1986;
485:204-214.



115

116
Martin BM, Gimbrone MA, Unanue ER, Cotran RS. Stimulation of nonlymphoid

mesanchymal cell proliferation by 2 macrophage-derived growth factor. J Immunology 1981;

126:1510-1515.

Mata LA, Boschk X, David PR, Rapold HIJ, Corcos T, Bourasse MG. Cliniﬁl‘ and

angjographic assessment 6 months after double vessel per coronary

J Am Coll Cardiol 1985; 6:1239-1244.

Matheson NR, Travis J. Inactivation of human thrombin in the presence of human alfa

1-proteinase inhibitor. Biochem J 1976; 159:495-502.

McKay EJ, Johnson U, Laurell CB, Mortensson J, Sjoholm AG. Binding of the purified C,
i to immobilized heparin. Acta Pathol

h

ubcomp [oX i and their
Microbiol Scand (C) 1981; 89:339-344.

McLean J. The Thrombotic Action of cephalin. Am J Physiol 1916; 41:250-257.

McLenachan JM, Vita J, Fish RD, Treasure CB, Cox DA, Ganz P, Selwyn AP. Early
i £ endothelial vasodilator dysfunction at coronary branch points. Circulation 1990;

ol
82:1169-1173.

McLenachan JM, Williams JK, Fish RD, Ganz P, Selwyn AP. Loss of ﬂow-mediat?d
endothelium-dependent dilation occurs early in the development of atherosclerosis.

Circulation 1991; 84:1273-1278.

McNamara CA, Sarembock IJ, Gimple LW, Fenton JW,II, Coughlin SR, Owens GK.
Thrombin stimulation of smooth muscle cell proliferation is mediated by a
il d receptor jsm (Poster # 25). Restenosis Summit IV 1992;

4

Cleveland, Ohio, USA.

Mellott MJ, Polokoff MA, Bencen GH, Bush LR, . Effects of bitistatin, a snake venom
peptide and ptatelet fibrinogen receptor antagonist in 2 canine model of thrombolysis and

reocclusion (Abstract). Circulation 1989; 80 (SuppL.II):II-216.

Metke MP, Lie JT, Fuster V, Josa M, Kaye MP. Reducti of intimal thickening in canine
coronary bypass vein grafts with dipyridamole and aspirin. Am J Cardiol 1979; 43:1144-1148.

Mielants H, Veys EM, Verbruggen G, Schel K. Salicylate-induced gastroi

bleeding: comparison between soluble buffered, enteric-coated, and intravenous

administration. J Rheumatol 1979; 6:210-218.

Miller JL, Thiam-Cisse M, Drouet LO. Reduction in thrombus formation by PG-1 F(ab')?,
i-quinea pig platelet glycoprotein Ib lonal antibody. A lerosis Thrombosis

an al
1991; 11:1231-1236.

17

Nabel EG, Plautz G, Nabel GJ. Gene transfer into vascular cells. J Am Coll Cardiol 1991;
17:189B-194B.

Naftilan AJ, Pratt RE, Dzau VJ. Induction of platelet-derived growth factor A-chain and
c-myc gene expression by angiotensin II in cultured vascular smooth muscle cells. J Clin
Invest 1989; 83:1419-1424.

Neeper MP, Waxman L, Smith DE, Schulman CA, Sardana M, Ellis RW, Schaffer LW, Siegl
PKS, Vlasuk GP. Characterization of recombinant tick anticoagulant peptide. A highly
selective inhibitor of blood coagulation factor Xa. J Biol Chem 1990; 265:17746-17752.

Nelsestuen GL. Role of gamma-carboxyglutamic acid. An unusual transition required for
calcium-dependent binding of prothrombin to phospholipid. J Biol Chem 1976;
251:5648-5656.

Nelsestuen GL, Zytkovicz TH, Howard JB. The mode of action of vitamin K. Identification
of gamma- carboxyglutamic acid as a component of prothrombin. J Biol Chem 1974;
249:6347-6350.

Neuhaus K-L, Essen R, Tebbe U, Vogt A, Michels H-R, Appel K-F, Jessel A, Zeymer U.
Hirudin and thrombolysis with front-loaded alteplase in acute myocardial infarction: results
of a pilot study (Abstract). J A C C 1993; 21:418A.

Nikkila E. Studies in the lipid-protein relationship in normal and pathological sera and the
effect of heparin on serum lipoproteins. Scand J Clin Lab Invest 1953; 5 (Suppl. 8):5-101.

Nikkila E, Tashkinen MR, Kakki M. Relation of plasma high density lipoprotein cholesterol

to lipoprotein lipase activity in adipose tissue and skeletal muscle of man. Atherosclerosis
1978; 29:497-501.

Nordenman B, Bjork 1. Binding of low-affinity and high-affinity heparin to antithrombin.
Ultraviolet difference spectroscopy and circular dichroism studies. Biochemistry 1978;
17:3339-3344.

Nutt EM, Gasic T, Rodkey J, Gasic GJ, Jacobs JW, Friedman PA, Simpson E. The amino
acid sequence of antistasin. J Biol Chem 1988; 263:10162-10167.

Nutt EM, Jain D, Lenny A, Schaffer L, Siegl P, Dunwiddie CT. Purification and
h ization of recombi istasin: A leech-derived inhibitor of coagulation factor
Xa. Arch Biochem Biophys 1991; 285:37-44.

O'Brien JR. Effects of salicyl on human platel Lancet 1968; 1:779-783.

Mills DCB, Puri RN, Hu C-J Minniti C, Grana G, Freedman M, Freedman S, Colman RE,
Colman RW. Clopidogrel, a ticlopidine analog, impairs the interaction of ADP with the
receptor mediating adenyl cyclase without altering the modification of aggregin (Abstract).
Thromb Haemost 1991; 65:1076.

Milner MR, Gallino RA, Leffingwell A, Pichard AD, Brooks-Robinson S, Rosenberg J,
Little T, Lindsay J. Usefulness of fish oi! supplements in preventing clinical evidence of

restenosis after percutaneous transluminal coronary angioplasty. Am J Cardiol 1989;
64:294-299.

Moake JL, Turner NA, Stathopoulos NA, Nolasco L, Hellums JD. Shear-induced platelet
aggregation can be mediated by vWF released from platelets, as well as by large
or unusually large vVWF multimers, requires adenosine diphosphate, and is resistant to
aspirin. Blood 1988; 71:1366-1374.

Moncada S, Gryglewski R, Bunting S, Vane JR. An enzyme isolated from arteries
transforms prostaglandin endoperoxidase to an unstable substance that inhibits platelet
aggregation. Nature 1976; 263:663-665.

Moncada S, Vane JR. Pharmacology and endogenous roles of prostaglandin endoperoxides,
h boxane-A2 and pre yclin, Pharmacol Rev 1978; 30:293-320.

Moncada S, Vane JR. The role of prostacyclin in vascular tissue. Fed Proc 1979; 38:66-71.

Moncada S, Vane JR. Arachidonic acid metabolites and the interactions between platelets
and blood vessel walls. N Engl J Med 1979; 300:1142-1147.

Moncada S, Vane JR. Mode of action of aspirin-like drugs. In: Stollerman GH, ed.
Cardiovascular drugs, Adis Press: New York 1982; 24:1-67.

Moon DG, Horgan MJ, Andersen TT. Endothelium-like pulmonary vasoconstrictor peptide
release by aifa-thrombin. Proc Natl Acad Sci USA 1989; 86:9529-9533.

Moscat J, Moreno F, Garcia-Barreno P. Mitogenic activity and inositide metabolism in
thrombin stimulated pig aorta endothelial cells. Biochem Biophys Res Commun 1987;
145:1302-1309.

Munro JM, Cotran RS. Biology of disease. The pathogenesis of ath 1
Atherc is and infl ion. Lab Invest 1988; 58:249-261.

Mutoh S, Clowes MM, Clowes AW. Heparin i cell b iated hep
sulfate proteogl in balloon-injured rat carotid artery. J Vasc Res 1993; 30:161-168.

118

O’Donohoe MK, Schwartz LB, Radic ZS, Mikat EM, McCann RL, Hagen PO. Chronic
ACE inhibition reduces intimal hyperplasia in experimental vein grafts. Ann Surg 1991;
214:727-732.

O'Keefe JH, McCallister BD, Bateman TM, Kuhnlein D, Ligon RW, Hartzler GO.
Colchicine for the prevention of restenosis after coronary angioplasty (Abstract). J Am
Coll Cardiol 1991; 17:181A.

OReilly R, Rytand D. Resistance to warfarin due to unrecognized vitamin K
supplementation. N Engl J Med 1980; 303:160-161.

O'Reilly RA. Warfarin metabolism and drug-drug interactions. In: Wessler S, Becker CG,
Nemerson Y, eds. The new di jons of warfarin prophylaxis: vol 214, Advances in
experimental medicine and biology. Plenum Press, New York 1936; 205-212.

O'Reilly RA, Aggeler PM. Determinants of the response to oral anticoagulart drugs in man.
Pharmacol Rev 1970; 22:35-96.

O'Reilly RA, Aggeler PM, Hoag MS, Leong LS, Kropatkin M. Hereditary transmission of
ional resi: to coumarin anti lant drugs: first reported kindred. N Engl J Med

1964; 271:809-815.

Ockelford PA, Carter CJ, Mitchell L, Hirsh J. Discordance between the anti-Xa activity and
antiiarombotic activity of an ultra-low molecular weight heparin fraction. Thromb Res 1982;
28:401-409.

Ofosu FA, Barrowcliffe TW. Mechanisms of action of low molecular weight heparins and
heparinoids. In: Hirsh J, ed. Antithrombotic Therapy, Bailliere’s Clinical Haematology. 3rd
ed. London: Bailliere-Tindall Ltd., 1990:505-529.

Ofosu FA, Hirsh J, Esmon CT, Modi GJ, Smith LM, Anvari N, Buchanan MR, Fenton JW
II, Blajchman MA. Unfractioned heparin inhibits thrombin-catalyzed amplification reactions
of coagulation more efficiently than those catalyzed by factor Xa. Biochem J 1989;
257:143-150.

Ofosu FA, Modi GJ, Hirsh J, Buch M, Blaj MA. Mechanisms for inhibition of
the generation of thrombin activity by sulfated polysaccharides. Ann N'Y Acad Sci 1986;
485:41-55.

Ofosu FA, Modi GJ, Smith LM, Cerkus AL, Hirsh J. Heparan sulfate and dermatan sulfate
inhibit the generation of thrombin activity by complementary pathways. Blood 1984;
64:741-747.



119

Ofosu FA, Sie P, Modi GJ, Fernandez F, Buchanan MR, Blajchman MA, Boneu B, Hirsh
J. The inhibition of thrombin-dependent positive-feedback reactions is critical to the
expression of the anticoagulant effect of heparin. Biochem J 1987; 243:579-588.

120

Ouyang C, Huang T-F. Potent platelet aggregation inducer from Trimeresurus gramineus
snake venom. Biochem Biophys Acta 1983; 757:332-341.

Ofosu FA, Sie P, Modi GJ, Fernandez F, Buchanan MR, Blajchman MA, Boneu B, Hirsh Owen J, F_riedr_nan KD, Grossman, BA, Wilkins C, Berke AD, Power ER. Thrombolytic
1. The inhibhio’n of thro;nbin-depende;ll positive-feedback reactions is critical to the therapy with tissue plasminogen activator or streptokinase induces transient thrombin
expression of the anticoagulant effect of heparin. Biochem J 1987; 243:576-588. activity. Blood 1988; 72:616-620.

Ohman EM, Califf RM, Lee KL, Fortin DF, Frid DJ, Bengtson JR. Restenosis after
angioplasty: Overview of clinical trials using aspirin and omega-3-fatty acids (Abstract). J
Am Coll Cardiol 1990; 15 (Suppl.A):88A.

Owens GK. Regulation of vascular smooth muscle cell differentiation. Restenosis Summit
IV 1992; Cleveland, Ohio, USA:84-90.

Owens GK, Geisterfer AAT, Yang YWH, Komoriya A. Transforming growth
factor-beta-induced growth inhibition and cellular hypertrophy in cuitured vascular smooth

Ohman EM, Califf RM, Topol EJ, Candela R, Abbousmith C, Ellis S, Sigmon KN, muscle cells. I Cell Biol 1988; 107:771-780.

Kereiakes D, George B, Stack R, and the TAMI Study Group. Consequences of reocclusion
. N p al infarction. Circulati 0:
g?;xggmsucmsful perfusion therapy in acute myocardial infarction. culation 1950; Owens JC, Neely WB, Owen WR. Effect of sodium dextrothyroxine in patients receiving
" . anticoagulants. N Engl J Med 1962; 266:76-79.
Okamoto S, Setuda M, Inden M, Konishi T, Nakano T..Tmpidil (t_riazolopyrimigﬁne), a

platelet derived growth factor (PDGEF)

£ in pr er
percutaneous transluminal coronary angioplasty (Abstract). J Am Coll Cardiol 1991; 17

(Suppl. B):199B.

Oldberg A, Wasteson A, Busch C, Hook M. Characterization of a platelet endoglycosidese

degrading heparin-like polysaccharides. Biochemistry 1980; 19:5755-5762.

Palm M, Mattsson CH. Pharmacokinetics of heparin and low molecular weight heparin
fragment (Fragmin) in rabbits with impaired renal or metabolic clearance. Thromb Haemost
1987; 58:932-935.

Patrignani P, Filabozzi P, Patrono C. Selective cumulative inhibition of platelet thromboxane
production by low-dose aspirin in healthy subjects. J Clin Invest 1982; 69:1366-1372.

. . - P Pepine CJ, Hirshfeld JW, MacDonald RG, Henderson MA, Bass TA, Goldberg S, Savage
Olson ST, Shore JD. Demonstration of a two-step reaction mechanism for inhibition of P a € 3 ! 3
alpha-thrombin by antithrombin ITf and identification of the step affected by heparin. J Biol MP, Vetrovee G, Cowley M, Taussig AS, Whitworth HB, Margolis JR, Hill IA, Bove AA,
Chem 1982: 257-14891-14895. Jugo R, for the M—I‘-IEART group. A controlled trial of corticc to prevent r

4 after coronary angioplasty. Circulation 1990; 81:1753-1761.

Olson ST, Srinivasan KR, Bjork I, Shore JD. Binding of high affinity heparin to . . . .

antithrombin III: Stopped flow Kinetic studies of the binding interaction. J Bil Chom 1981; Perdue JF, Lubenski W, Kivity E, Sonder SA, Fenton JW,IL Protease mitogenic response

256:11073-11079 of chick embryp fibroblasts and receptor binding/p of human alfa-thrombin. J Biol
- . Chem 1981; 256:2767-2776.

Olsson P, Lagergren H, Ek S. The elimination from plasma of intravenous heparin. An . .

. S =y Peterson DM, Stathopoulos NA, Giorgio TD, Hellums JD, Moake JL. Shear-induced
experimental study on dogs and humas. Acta Med d 1963; 173:619-630. platelet aggregation requires von Willebrand factor and platelet membrane glycoproteins
Osborne JA, Lento PH, Siegfried MR, Stahl GL, Fusman B, Lefer AM. Cardiovascular Ib and I1b/Illa. Blood 1987; 69:625-628.

effects of acute hypercholesterolemia in rabbits: reversal with lovastatin treatment. J Clin

Invest 1989; 83:465-473.

Osterrieder W, Muller RKM, Powell JS, Clozet JP, Hefti F, Baumgartner HR. Role of
i in I in injury-induced neointimal formation in rats. Hypertension 1991; 18

(Suppt.ID):11-60-11-64.

121
Phillipson BE, Rothrocf DW, Connor WE, Harris WS, Ilingworth DR. Reduction of plasma

lipids, lipoproteins and apoproteins by dietary fish oils in patients with hypertriglyceridemia.
N Engl J Med 1985; 312:1210-1216.

Pierson RN, Holt PR, Watson RM, Keating RP. Aspirin and gastrointestinal bleeding:
chromate-51 blood loss studies. Am J Med 1961; 31:259-265.

Pini M, Pattachini C, Quintavalla R, Poli T, Tagliaferri A, Manotti C, Dettori AG.
Subcutaneous vs intravenous heparin in the treatment of deep venous thrombosis: A
randomized clinical trial. Thromb Haemost 1990; 64:222-226.

Piper J. The fate of heparin in rabbits after intravenous injection. Filtration and tubular
secretion in the kidneys. Acta Pharmacol (Copenh) 1947; 3:373-384.

’ Plissonnier D, Amichot G, Duriez M, Leg J, Levy BI, Michel JB. Effect of converting
enzyme inhibition on allograft-induced arterial wall injury and response. Hypertension 1991;
18 (Suppl.IE):[I-47-10-54.

Pompa JJ, Topol EJ. Adjuncts to thrombolysis for myocardial reperfusion. Ann Intern Med
1991; 115:34-44.

Powell JS, Clozel JP, Muller RKM, Kuhn H, Hefti F, Hosang M, Baumgartner HR.
Inhibi i i ting enzyme prevent myointimal proliferation after vascular

of angi¢
injury. Sci 1989; 245:186-188.

Powell JS, Muller RKM, Baumgartner HR. Suppression of the vascular response to injury:
The role of angiotensin-converting enzyme inhibitors. J Am Coll Cardiol 1991;
17:137B-142B.

Prandoni P. Fixed dose LMW heparin (CY216) as compared with adjusted dose intravenous
heparin in the initial treatment of symp ic proximal venous thrombosis. (Abstract).
Thromb Haemost 1991; 65 (Suppl):872.

Preissner KT, Muller-Berghaus G. Neutralization and binding of heparin by
S-protein/vitronectin in the inhibition of factor Xa by antithrombin ITI. J Biol Chem 1987;
262:12247-12253.

Prendergast FG, Mann KG. Differentiation of metal ion-ind d transitions of prothrombin
fragment 1. J Biol Chem 1977; 252:840-850.

Preston FE, Whipps S, Jackson CA, French AJ, Wyld PJ, Stoddard CJ. Inhibition of
P lin and platelet thromb A, after low- dose aspirin. N Engl J Med 1981;
304:76-79.

Petitou M. Synthetic heparin fragments: New and efficient tools for the study of heparin and
its interactions. Nouv Rev Fr Hematol 1984; 26:221-226.

Phillips DR, Charo IF, Scarborough RM. GPIlb-Illa: The responsive integrin. Cell 1991;
65:359-362.

122

Prichard PJ, Kitchingman GK, Hawkey CJ. Gastric mucosal bleeding: what dose of aspirin
is safe (Poster)? Gut 1987; 28:A1401.

Prichard PJ, Kitchingman GK, Walt RP, Daneshmend TK, Hawkey CJ. Human gastric

mucosal bleeding induced by low dose aspirin, but not warfarin. Br Med J 1989;
298:493-496.

Pukac LA, Hirsch GM, Lormeau JC, Petitou M, Choay J, Karnovsky M. Antiproliferative
effects of novel, noncoagulant heparin derivatives on vascular smooth muscle cells in vitro
and in vivo. American Journal of Pathology 1991; 139:1501-1508.

Rao AK, Holmsen H. Congenital disorders of platelet function. Semin Hematol 1986;
23:102-118.

Rao GN, Berk BC. Oxygen-derived free radicals stimulate c-myc mRNA expression and
vascular smooth muscle growth. J Clin Res 1990; 38:501A-507.

Rao GN, Berk BC. Active oxygen species stimulate vascular smooth muscle cell growth and
proto-oncogene expression. Circulation Research 1992; 70:593-599.

Rapaport SI. Inhibition of factor VIIa/t induced blood coagulation: With particular
emphasis upon 2 factor Xa-dependent inhibitory mechanism. Blood 1993; 359:365.

Rapold HJ. Promotion of thrombin activity by thrombolytic therapy without simultaneous
anticoagulation. Lancet 1990; i:481-482.

Reilly CF, Fritze LMS, Rosenberg RD. Heparin inhibition of smooth muscle cell
proliferation: A cellular site of action. J Cell Physiol 1986; 129:11-19.

Reis GJ, Sipperly ME, McCabe CH, Sacks FM, Boucher T™, Silverman DI, Baim DS,
Grossman W, Pasternak RC. Randomized trial of fish oil for prevention of restenosis after
coronary angioplasty. Lancet 1989; 2:177-181.

Rent R, Nylrman R, Fiedel BA, Gewurz H. Potentiation of C, esterase inhibitor activity by
heparin. Clin Exp Immunol 1976; 23:264-271.

Richards RK. Influence of fever upon the action of 3,3-methylene bis-(4-
hydroxoycoumarin). Sci 1943; 97:313.

Ridker PM, Manson JE, Gaziano M. Low-dose aspirin therapy for chronic stable angina. A
randomized, placebo-c lled clinical trial. Ann Intern Med 1991; 114:835-841.

Rosenberg RD. Actions and interactions of antithrombin and heparin. N Engl § Med 1975;
292:146-151.



123

Rosenberg RD. The heparin-antithrombin system: A natural anticoagulant mechanism. In:
Colman RW, Hirsh J, Salzman EW, eds. Hemostasis and ‘Thrombosis: Basic Principles and
Clinical Practice. 2nd ed. Philadelphia: J.B.Lippincott, 1987:1373-1392.

Rosenberg RD, Damus PS. The purification and mechanism of action of humarn
antithrombin-heparin cofactor. J Biol Chem 1973; 248:6490-6505.

Rosenberg RD, Jordan RE, Favreau LV, Lam LH. Highly active heparin species with
multiple binding sites for antithrombin. Biochem Biophys Res Commun 1979; 86:1319-1324.

Rosenberg RD, Lam L. Correlation between structure and function of heparin. Proc Natl
Acad Sci USA 1979; 76:1218-1222.

Rosenberg RD, Rosenberg JS. Natural anticoagulant mechanisms. J Clin Invest 1984; 74:1-6.

Ross R. Atherosclerosis: A problem of the biology of arterial wall cells and their interaction
with blood components. Atherosclerosis 1981; 1:293-311.

Ross R. The pathogenesis of atherosclerosis-an update. N Engl J Med 1986; 314:488-500.

Roth GJ, Majerus PW. The mechanism of the effect of aspirin on human platelets. L.

Acetylation of a particulate fraction protein. J Clin Invest 1975; 56:624-632.

Roubin GS, Douglas JS,Jr., King SB,IIL Influence of balloon size on innitial success, acute

complication, and after per inal coronary angioplasty: A

s t
prospective randomized study. Circulation 1988; 78:557-565.

Roux SP, Clozel JP, Kuhn H. Cilazapril inhibits wall thickening of vein bypass graft in the

rat. Hypertension 1991; 18 (Suppl.Il):11-43-11-46.

Rydel TJ, Ravichandran KG, Tulinsky A, Bode W, Huber R, Roitsch C, Fenton JW,IL The
structure of a complex of recombinant hirudin and human alpha-thrombin. Sci 1990;

249:277-280.

Sahni R, Maniet AR, Voci G, Banka VS. Prevention of restenosis by lovastatin (Abstract).

Circulation 1989; 80 (Suppl.II):II-65.

Sakariassen KS, Fressinaud E, Girma J-P, Meyer D, Baumgertner HR. Role of platelet
membrane glycoproteins and von Willebrant factor in adhesion of platelets to

subendothelium and collagen. Ann N Y Acad Sci 1987; 516:52-65.

125
Schneider JE, Berk BC, Gravanis MB, Santoian EC, Cipolla GD, Tarazona N, Lassegue B,
King SB,IIL. Probucol decreases neointimal formation in a swine model of coronary artery
balloon injury . A possible role for antioxidants in restenosis. Circulation 1993; 88:628-637.

Schulman S, Henriksson K. Interaction of ibuprofen and warfarin on primary haemostasis.
Br J Rheumatol 1989; 28:46-49.

Schwartz L, Bourassa MG, Lesperance J, Lesperance J, Aldridge HE, Kazim F, Salvatori
VA, Henderson M, Bonan R, David PR. Aspirin and dipyridamole in the prevention of

T after p tr inal coronary angioplasty. N Engl J Med 1988;
318:1714-1719.

See J, Shell W, Mattheews O, Canizales C, Vargas M, Giddings J, Cerrone J. Prostaglandin
El infusion after angjoplasty in humans inhibits abrupt occlusion and early restenosis. Adv
Prostagl Thrombox Leukotr Res 1987; 17A:266-270.

Seegers WH, Nieff M, and Shafer JA. Note on the adsorption of thrombin on fibrin.
Science 1945 (Washington, DC);101:520-521.

Senior RM, Huang JS, Griffin GL, Deuel TF. Dissociation of the chemotactic and mitogenic
activities of platelet-derived growth factor by human neutrophil elastase. J Cell Biol 1985;
100:351-356.

Serruys PW, Hermans WRM, Rutsch W, Emanuelsson H, Danchin N, Wijns W, Chappuis
F, for MERCATOR Group. Does the new angiotensin converting enzyme inhibitor cilazapril
prevent restenosis after percutaneous transluminal coronary angioplasty? The results of the
MERCATOR study: A multicenter randomized double-blind placebo-control trial.
Restenosis Summit IV, Cleveland, Ohio, USA 1992; 303-345.

Serruys PW, Rutsch W, Heyndricky GR, Danchin N, Mast EG, Wijns W, Rensing BJ, Vos
1, Stibbe J, for CARPORT Group. Prevention of restenosis after percutaneous transluminal
coronary angioplasty with thromboxane A,-receptor blockage. A randomized, doubie-blind,
placebo-controled trial. Circulation 1991; 84:1568-1580.

Serruys PW, Strauss BH, Vanbeusekom H, Van Der Giessen WJ. Stenting of coronary
arteries: Has a modern Pandora’s box been open? J Am Coll Cardiol 1991; 17:143B-154B.

Shebuski RJ. Acceleration of recombinant tissue-type plasmi ) induced
thrombolysis and pr ion of r lusion by the combination of heparin and the
Arg-Gly-Asp-containing peptide bitistatin in a canine model of coronary thrombosis.
Circulation 1990; 82:169-177.

124
Sakariassen KS, Nievelstein PFEM, Coller BS, Simma JJ. The role of platelet membrane

glycoproteins Ib and IIb-illa in platelet adherence to human artery subendothelium. Br J
Haematol 1986; 63:681-691.

Sakurai T, Yanagisawa M, Takuwa Y, Miyazaki H, Kimura S, Goto K, Masaki T. Cloning
of 2 cDNA encoding a non-isopeptide-selective subtype of the endothelin receptor. Nature
1990; 348:732-735.

Saltiel E, Ward A. Tricolopidine. A review of its pharmacodynamic and pharmacokinetic
properties, and therapeutic eff in platelet-dependent disease state. Drugs 1987; 34:222-
261.

Sanborn TA, Bittl JA, Hershman RA, Siegel RM. Percutaneous coronary eximer

laser-assisted angioplasty: Initial multicenter experience in 141 patients. J Am Coll Cardiol
1991; 17:160B-168B.

Santoian E, Schneider JE, Foegh M, Gravanis MB, Ramwell PW, Kot PA, Alexander RW,
King SB,III. Treatment with angiopeptin inhibits the migration and proliferation of smooth
muscle cells in a balloon overstretch swine model of restenosis (Poster # 27). Restenosis
Summit IV 1992; Cleveland, Ohio, USA.

Sarembock LIJ, Gertz SD, Gimple LW, Owen RM, Powers ER, Roberts WC. Effectiveness
of recombinant desulphatohirudin in reducing restenosis after balloon angioplasty of
atherosclerotic femoral arteries in rabbits. Circulation 1991; 84:232-243.

Sarembock IJ, Ragosta M, Gimple LW, Gertz SD, Haber HL, Dunwiddie CT, Vlasuk GP,
Roberts WC, Powers ER. Specific factor Xa inhibition reduced restenosis following
angioplasty in rabbits (Poster # 29). Restenosis Summit IV 1992; Cleveland, Ohio, USA.

Savage B, Marzec UM, Chao BH, Harker LA, Maraganore JM, Ruggeri ZM. Binding of the
snake venom-derived proteins applaggin and echistatin to the arginine-glycine-aspartic acid
recognition site(s) on platelet glycoprotein IIb/IiTa complex inhibits receptor fubction. J Biol
Chem 1990; 265:11766-11772.

Scarborough RM, Rose JW, Hsu MA, Phillips DR, Fried VA, Cambell AM, Nannizzi L,
Charo IF. Barburin, 2 GPIIb/Hla-specific integrin antagonist from the venom of Sistrurus
m. barbouri. J Biol Chem 1991; 266:9359-9362.

Scarborough RM, Teng W, Naughton MA, Rose JW, Alves V, Arfsten A. C 186-65, a
thrombin receptor antagonist designed from tethered ligand agonist peptides (Abstract).
Circulation 1992; 86:1-151. ’

Schatz RA, Goldberg S, Leon M, Baim D, Hirshfeld J, Cleman M, Ellis S, Topol E. Clinical
experience with the Palmaz-Schatz coronary stent. J Am Coll Cardiol 1991; 17:155B-159B.

126
Shi Y, Hutchinson HG, Hall DJ, Zalewski A. Downregulation of c-myc expression by

antisense oligonucleotides inhibits proliferation of human smooth muscle cells. Circulation
1993; 88:1190-1195.

Shimokawa H, Tomoike H, Nabeyama S, Yamamoto H, Araki H, Nakamura M, Ishii Y,
Tanaka K. Coronary artery spasm induced in atherosclerotic miniature swine. Sci 1983;
221:560-562.

Siegel RJ, Fishbein MC, Forrester J, Moore K, DeCastro E, Daykhovsky L, DonMichael
TA. Ultrasonic plaque ablation: A new method of recanalization of partially or totally
occluded arteries. Circulation 1988; 78:1443-1448.

Simons M, Leclerc G, Safian RD, Isner JM, Weir L, Baim DS. Relation between activated

smooth-muscle cells in coronary-artery lesions and restenosis after atherectomy. N Engl J
Med 1993; 328:608-613.

Sixma JJ, Sakariassen KS, Beeser-Visser NH, Ottenhof-Rovers M, Bolhuis PA. Adhesion
of platelets to human artery subendothelium: Effect of factor VlI-von Willebrand factor of
various multimetric composition. Blood 1984; 63:128-139.

Skrzypczak-Jankus E, Carperos V, Bourdon P, Fenton JW,II, Maraganore JM, Tulinsky A.
X-ray crystallographic structures of the hirugen: Thrombin and hirulog: Thrombin complexes
at 2.2 A resolution. Thromb Haemostas 1991; 65:507-513.

Slack JD, Pinkerton CA, Van Tassel J, Orr CM, Scott M, Allen B, Nasser WK. Can oral fish
oil suppl inimi is after perc ous tr inal coronary angi
(Abstract)? J Am Coll Cardiol 1987; 9 (Suppl.A):64A.

Sobel M, McNeill PM, Carlson PL, Kermode JC, Adelman B, Conroy R, Margues D.
Heparin inhibition of von Willebrand factor-dependent platelet function in vitro and in vivo.
J Clin Invest 1991; 87:1787-1793.

Sonder SA, Fenton JW,II. Thrombin specificity with tripeptide chromogenic substrates:
Comparison of human and bovine thrombins with and without fibrinogen clotting activities.
Clin Chem 1986; 32:934-937.

Speir E, Epstein SE. Inhibition of smooth muscle cell proliferation by an antisense
oligodeoxynucleotide targeting the messenger RNA encoding proliferating cell nuclear
antigen. Circulation 1992; 86:538-547.

Spinelia MJ, Malik AB, Everitt J, Andersen TT. Design and synthesis of a specific
endothelin 1 antagonist: Effects on pulmonary vasoconstriction. Proc Natl Acad Sci USA
1991; 88:7443-7446.



127
Stemerman MB. Thrombogenesis of the rabbit arterial plaque. Am J Pathol 1973; 73:7-26.

Stenflo J, Fernlund P, Egan W, Roepstorff P. Vitamin K dependent modifications of
glutamic acid residues in prothrombin. Proc Natl Acad Sci USA 1974; 71:2730-2733.

Stone SR, Hofsteenge J. Kinetics of the inhibition of thrombin by hirudin. Biochemistry
1986; 25:4622-4628. .

Strony J, Adelman B, Phillips DR, Scarborough RM, Charo IF. Inhibition of platelet
thrombus formation in a in vivo mode! of high shear stress by a glycoprotein 1Ib-Ia specific
peptide antagonist (Abstract). Circulation 1991; 84 (Suppl.IN):1I-248.

Strony J, Phillips M, Moake J, Adeiman B. In vivo inhibition of coronary artery thrombosis
by aurin tricarboxylic acid (Abstract). Circulation 1989; 80 (Suppl IT):II-23.

Sutcliff FA, MacNicholl AD, Gibson GG. Aspects of anticoagulant action: a review of the
pharmacology, metabolism and toxicology of warfarin and congeners. Quart Rev Drugs Met
Drug Interact 1987; 5:225-272.

Suttie JW, Muhah-Schendel LL, Shah DV, Lyle BJ, Greger JL. Vitamin K deficiency from
dietary vitamin K restriction in humans. Am J Clin Nutr 1988; 47:475-480.

Takeuchi K, Nakamura N, Cook NS, Pratt RE, Schwartz SM. Angiotensin II can regulate
gene expression by the AP-1 binding sequence via a protein kinase C-dependent pathway.
Biochem Biophys Res Commun 1990; 172:1189-1194.

Teitel JM, Rosenberg RD. Protection of factor Xa from neutralization by the
heparin-antithrombin complex. J Clin Invest 1083; 71:1383-1389.

The International Study Group. In-hospital mortality and clinical course of 20,891 patients
with suspected acute myocardial infarction randomised between alteplase and streptokinase
with or without heparin. Lancet 1990; 336:71-75.

The RISC Group. Risk of myocardial infarction and death during treatment with low dose
aspirin and intravenous heparin in men with unstable coronary artery disease. Lancet 1990;
336:827-830.

The TIMI Research Group . Immediate vs. delayed catheterization and angioplasty following
thrombolytic therapy for acute myocardial infarction. TIMI IA results. JAMA 1988;
260:2849-2858.

The TIMI Study Group. The thrombolysis in myocardial infarction (TIMI) trial. Phase I
finding. N Engl J Med 1985; 312:932-936.

129

Vassallo RR, Kieber-Emmons T, Chichowski K, Brass LF. Structure-function relationships
in the activation of platelet thrombin receptors by receptor-derived peptides. J Biol Chem
1992; 267:6081-6085.

Villa AE, Guzman LA, Golomb G, Levy RJ, Ellis §, Topol EJ. Local dexamethasone
delivery for prevention of intimal proliferation in the rat carotid model (Poster # 38).
Restenosis Summit IV 1992; Cleveland, Ohio, USA.

Villanueva GB, Danishefsky 1. Evidence for a heparin-induced conformational change on
antithrombin III. Biochem Biophys Res Commun 1977, 74:803-809.

Vinazzer HA, Sternberger A, Haas S, Blumel E. Influence of heparin, of different heparin
fractions, and of a low molecular weight heparin-like substance on the mechanism of
fibrinolysis. Thromb Res 1982; 27:341-351.

Vlasuk GP, Ramjit D, Fujita T, Dunwiddie CT, Nutt EM, Smith DE, Shebuski RI.
Comparison of the in vivo anticoagulant properties of standard heparin and the highly
selective factor Xa inhibitors antistasin and tick anti lant peptide (TAP) in 2 rabbit
model of venous thrombosis. Thromb Haemost 1991; 65:257-262.

Vlodavsky I, Folkman J, Sullivan R, Fridman R, Ishai-Michaeli R,Sasse J, Klagsbrun M.
Endothelial cell-derived basic fibroblast growth factor: Synthesis and deposition into
subendothelial extracellular matrix. Proc Natl Acad Sci USA 1987; 84:2292-2296.

Vockler W, Faber V. Aspirin reduces the growth of medial and neointimal thickenings in
balloon-injured rat carotid arteries. Stroke 1990; 21 (Suppl. IV):IV-44-IV45.

Vu T-KH, Hung DT, Wheaton V1, Coughlin SR. Molecular cloning of a functional thrombin
receptor reveals a novel p lytic hanism  of activation. Cell 1991;
64:1057-1068.

Vu T-KH, Wheaton VI, Hung DT, Charo I, Coughlin SR. Domains specifying
thrombin-receptor interaction. Nature 1991; 353:674-677.

Walker MG, Shaw JW, Thomson GJL, Cumming JGR, Thomas ML. Subcutaneous calcium
heparin versus intravenous sodium heparin in treatment of established acute deep vein
thrombosis of the legs: A multicentre prospective randomised trial. Br Med J 1987;
294:1189-1192.

Waller BF, McManus BM, Garfinkel HJ, Kishel JC, Schmidt ECH, Kent KM, Roberts WC.
Status of the major epicardial coronary arteries 80 to 150 days after percutaneous
i 1 coronary angiopl Analysis of 3 necropsy patients. Am J Cardiol 1983;

51:81-84.

128
Thornton MA, Gruentzig AR, Hollman J, King SB, Douglas JS. Coumadin and aspirin in

prevention of recurrence after transluminal coronary ioplasty: A randomized study.
Circulation 1984; 69:721-727. ’

TIMI 5 Trial Group. Hirudin reduces reocclusion compared to heparin following
thromboiysis in acute myocardial infarction (Abstract). JACC 1993;21:136A.

Topol AJ, Fuster V. Phase II trials of hirudin versus heparin for unstable angina. Manuscript
in preparation 1994.

Topol EJ, Califf RM, George BS, Kereiakes DJ, Abbottsmith CW, Candela RJ, Lee KL, Pitt
B, Stack RS, O’Neill WW, and the Thrombolysis and Angiop inM dial I i

§1udy Group. A randomized trial of immediate versus Eelaycd elccﬁ;e angioplasty after
intravenous tissue p inogen acti inacute my dial infarction. N Engl J Med 1987,
317:581-588.

Tuszynski G, Gasic T, Gasic G. Isolation and characterization of antistasin. J Biol Chem
1987; 262:9718-9723.

Udall JA. Human sources and absorption of vitamin K in relation to anticoagulation. JAMA
1965; 194:107-109.

UK-TIA Study Group . The United Kingdom transient ischaemic attack (UK-TIA) Aspirin
Trial: interim results. Br Med J 1988; 296:316-320.

Vairel GE, Brouty-Borge H, Toulermonde F, Doutreme-Puich C, Marsh NA, Gaffney PJ.
Heparin and a low-molecular weight fraction enhance thrombolysis and by this pathway
exercise a protective effect against thrombosis. Thromb Res 1953; 30:219-224.

Van. De Water LS, Schroeder S, Crenshaw EB, Hynes RO. Phagocytosis of gelatin-latex
particles by a murine macrophage line is dependent on fibronectin and heparin. J Cell Biol
1981; 90:32-39.

Van Ryn-McKenna J, Gray E, Weber E, Ofosu FA, Buchanan MR. Effects of sulphated
polysaccharides on inhibition of thrombus formation initiated by different stimuli. Thromb
Haemost 1989; 61:7-9.

Van Ryn-McKenna J, Ofosu FA, Hirsh J, Buchanan MR. Antithrombotic and bleeding
effects of glycosaminoglycans with different degrees of sulphation. Br J Haematol 1989;

71:265-269.

Vanhoutte PM. Endothelium and control of vascular function. State of the art lecture.
Hypertension 1989; 13:658-667.

130

Waller BF, Pinkerton CA, Orr CM, Slack JD, van Tassel JW, Peters T. Restenosis 1 to 24
months after clinically successful coronary bailoon angioplasty: A necropsy study of 20
patients. J Am Coli Cardiol 1991; 17:58B-70B.

Wallis J, Moses JW, Borer JS, Weksler B, Goldberg HL, Fisher J, Kase M, Tack-Goldman
K, Carter J, Calle S. Coronary blood flow in coronary artery disease: Heparin-induced
potentiation caused by prostacycline release (Abstract). Circulation 1982; 66, Suppl.11:263.

‘Ware JA, Salzman EW. Use of heparin in treatment of thromboembolic disorders. In: Lane
DA, Lindahl U, eds. Heparin: Chemical and biological properties and clinical applications.
Boca Raton: CRC Press, 1989:475-494.

Waxman L, Smith DE, Arcuri KE, Vlasuk GP. Tick anticoagulant peptide (TAP) is a novel
inhibitor of blood coagulation factor Xa. Sci 1990; 248:593-596.

Weiler JM, Yurt RW, Fearon DT, Austen KF. Modification of the formation of the
amplification convertase of complement, Cy,, Bb by native and commertial heparin. J Exp
Med 1978; 147:409-421.

Weiner BH, Ockene IS, Levine PH, Cuenoud HF, Fisher M, Johnson BF, Daoud AS,
Jarmolych J, Hosmer D, Johnson MH, Natale A, Vaudreuil C, Hoogasian JJ. Inhibition of
atherosclerosis by cod-liver oil in a hyperlipidemic swine model. N Engl J Med 1986;
315:841-846.

Weiss HJ, Hawiger J, Ruggeri ZM, Turitto VT, Thiagarajan P, Hoffman T.
Fibri independent platelet adhesion and thrombus formation on subendothelium
mediated by glycoproteon Ib-Iila complex at high shear rate. J Clin Invest 1989; 83:288-297.

Weiss HJ, Turitto VT, Baumgartner HR, Nemerson Y, Hoffman T. Evidence for the
presence of tissue factor activity on subendothelium. Blood 1989; 73:968-975.

M, Aber R. Prolonged bleeding times and bieeding diathesis associated with
moxalactam administration. JAMA 1983; 249:69-71.

Weitz JI. Mechanism of action of the thrombolytic agents. In: Bailliere’s Clinical
Haematology, Vol 3, Bailliere Tindall, New York, 1990:583-599.

Weitz JI, Hudoba M, Massel D, Maraganore J, Hirsh J. Clot-bound thrombin is protected
from inhibition by heparin-antithrombin I1i but is susceptible to inactivation by antithrombin
IlI-independent inhibitors. J Clin Invest 1990; 86:385-391.

Weitz J1, Leslie B, Hudoba M. Thrombin remains bound to soluble fibrin degradation
products and is partially protected from inhibition by heparin-antithrombin HI (Abstract).
Thromb Haemost 1991; 65:931.



131

Weksler BB, Ley CW, Jaffe EA. Stimulation of endothelial prostacyclin production by
thrombin, trypsin, and the ionophore A 23187. ] Clin Invest 1978; 62:923-930.

Weksler BB, Pett SB, Alonso D, Richter RC, Stelzer P, Subramanian V, Tack-Goldman K,
Gay WALIr. Differential inhibition by aspirin of vascular and platelet prostaglandin synthesis
in atherosclerosis patients. N Engl J Med 1983; 308:800-805.

White CW, Chaitman B, Knudtson ML, Chisholm R, and the Ticlopidine Study Group.
Antiplatelet agents are effective in reducing the acute i hemic complications of angiopl
but do not prevent restenosis: Results from the Ticlopidine trial. Coronary Artery Diseasase
1991; 2:757-767.

‘White HD, Rivers JT, Maslowski AH. Effect of intravenous streptokinase as compared with
that of tissue plasminogen activator on left ventricular function after first myocardial
infarction. N Engl J Med 1989; 350:817-821.

Whitlon DS, Sadowski JA, Suttie JW. Mechanisms of cournarin action: significance of
vitamin K epoxide reductase inhibition. Biochemistry 1978; 17:1371-1377.

Whittemore AD, Clowes AW, Couch NP, Mannick JA. S dary femoropopliteal
reconstruction. Ann Surg 1981; 193:35-42.

Whitworth HB, Roubin GS, Hollman J, Meier B, Leimgruber PP, Douglas JS, King SB I,
Gruentzig AR. Effect of nifedipine on recurrent is after p inal
coronary angioplasty. J Am Coll Cardiol 1986; 8:1271-1276.

Wight TN, Ross R. Proteoglycans in primate arteries. 1L Synthesis and secretion of
glycosaminoglycans by arterial smooth muscle cells in culture. J Cell Biol 1975; 67:675-688.

Wilcox J, Ollerenshaw J, Zhong C, Hayzer DJ, Rodriguez J, Subramanian RR, Harker LA,
Hanson SR, Kelly AB, Runge MS. Localization of bi P pression in
proliferating smooth muscle cells in vivo (Abstract). Circulation 1992; 86:1-150.

Wilcox IN, Smith KM, Schwartz SM, Gordon D. Localization of tissue factor in the normal
vassel wall and in the atherosclerotic plaque. Proc Natl Acad Sci USA 1989; 86:2839-2843.

Wilcox JN, Smith KM, Williams LT, Schwartz SM, Gordon D. Platelet-derived growth factor
mRNA detection in human atherosclerotic plaques by in situ hybridization. J Clin Invest
1988; 82:1134-1143.

Wiilerson JT, Eidt JF, McNatt J, Yao S-K, Golino P, Anderson HV, Buja LM. Role of
of sp Iterations in

thromboxane and serotonin as mediators in the d

P

133

receptor prevents coronary artery reocclusion following reperfusion with recombinant
tissue-type plasminogen activator in dog. J Clin Invest 1988; 81:1284-1291.

Yasuda T, Gold HK, Leinbach RC. Enhanced thrombolysis by Rt-PA plus kistrin, a
short-acting platelet IIb/IIla antagoni (Abstract). Cir ion 1991; 84 (Suppl III):HI-277.

Yasuda T, Gold HK, Leinbach RC, Yaoita H, Fallon JT, Guerrero L, Napier MA, Bunting
S, Collen D. Kistrin, a polypeptide platelet GPIIb/Ia receptor antagonist, enhances and
sustains coronary arterial thrombolysis with recc bi tissue-type plasmi! activator
in a canine preparation. Circulation 1991; 83:1038-104738.

Yasuda T, Gold HK, Yaoita H, Leinbach RC, Guerrero JL, Jang I-K, Holt R, Fallon JT,
Collen D. Comparative effects of aspirin, a synthetic thrombin inhibitor and 2 monocional
antiplatelet glycoprotein ITb/Illa antibody on coronary artery reperfusion, reocclusion and
bleeding with recombinant tissue-type plasminogen activator in a canine preparation. J Am
Coll Cardiol 1990; 16:714-722.

Yeung AC, Vekshtein V1, Krantz DS, Vita JA, Ryan TJ, Ganz P, Selwyn AP. The effect of
atherosclerosis on the vasomotor response of coronary arteries to mental stress. N Engl J
Med 1991; 325:1551-1556.

Zeiher AM, Drexier H, Wollsch! H, Just H. Modulation of coronary vasomotor tone in
humans: Progressive endothelial dysfunction with different early stages of coronary
atherosclerosis. Circulation 1991; 83:391-401.

Zeldis SM, Nemerson Y, Pitlick FA, Lentz TL. Tissue factor (thromboplastin): Localization
to plasma membranes by peroxidase-conjugated antibodies. Sci 1972; 175:766-768.

Zhao X-Q, Brown BG, Flygenring BP, Stewart DK, Albers JJ, Bisson BD, Bardsley JL.
I p jal for regression of post-PTCA restenosis using intensive lipid-altering
therapy: Comparison with matched non-PTCA lesions (Poster # 39). Restenosis Summit IV
1992; Cleveland, Ohio, USA.

132

coronary blood flow and neointimal proliferation in canine models with chronic coronary
artery stenosis and endothelial injury. J Am Coll Cardiol 1991; 17:101B-110B.

Willerson JT, Goiino P, McNatt J, Eidt J, Yao SK, Buja LM. Role of new antiplatelet
agents as adjunctive therapies in thrombolysis. Am J Cardiol 1991; 67:12A-18A.

Wilson NV, Salisbury JR, Kakkar VV. Effect of low molecular weight heparin on intimal
hyperplasia. Br J Surg 1991; 78:1381-1383.

Wolinsky H, Lin CS. Use of the perforated balloon catheter to infuse marker substances
into diseased coronary artery walls after experimental postmortem angioplasty. J Am Coll
Cardiol 1991; 17:174B-178B.

Wolinsky H, Thung SN. Use of a perforated balloon catheter to deliver concentrated
heparin into diseased coronary artery walls after experimental postmortem angioplasty. § Am
Coll Cardiol 1990; 15:475-481.

Wright TC, Castellot JJ, Diamond JR, Karnovsky MJ. Regulation of cellular proliferation
by heparin and heparan sulfate. In: Lane DA, Lihdall U, eds. Heparin, Chemical and
Biological Properties, Clinical Applications. Boca Raton, Florida: CRC Press Inc,
1989:295-316.

Wright TC, Castellot JJ, Petitou M, Lorneau JC, Choay J, Karnovsky MIJ. Structural
determinants of heparin’s growth inhibitory activity. J Biol Chem 1989; 246:1534-1542.

Wu Q, Sheehan JP, Tsiang M, Lentz SR, Birktoft JJ, Sadler JE. Single amino acid
substitutions dissociate fibrinogen-clotting and thrombomodulin-binding activities of human
thrombin. Proc Nat} Acad Sci USA 1991; 88:6775-6779.

Yanagisawa M, Kurihara H, Kimura S, Tobome Y, Kobayashi M, Mitsui Y, Yazaki Y, Goto
K, Masaki T. A novel potent vasoconstrictor peptide produced by vascular endothelial cells.
Nature 1988; 332:411-415.

Yao S-K, McNatt J, Anderson HV, Eidt J, Cui K, Golino P, Glas-Greenwalt P, Maraganore
J, Buja LM, Willerson JT. Thrombin inhibiti 1 bl tissue-type
)t i t

p activator-induced thrombolysis and delays reocclusion. Am J Physiol 1992;

262:374-379.

Yao SK, Ober JC, Ferguson JJ. Combination of inhibition of in and blockade of
" thrombolvsi

thromboxane A, synthetasae and r and delays reocclusion

P
in canine coronary arteries. Circulation 1994; in press.

Yasuda T, Gold HK, Fallon JT, Leinbacb RC, Guerrero JL, Scudder LE, Kanke M, Shealy
D, Ross MJ, Collen D, Coller BS. A monoclonal antibody against the platelet GP IIb/Illa

TABLET Effect of one week therapy with saline, stdh, Imwh, and hirudin on stenosis and

intimal thickening in the injured common carotid artery at two week follow-up.

greatment Group | Stenosis % Stenosis % Intima %

: rogp Angio Res.Casting Planimetry
n=35) Mean * SE Mean * SE Mean * SE
Saline 22.9 = 3.0 46.7 + 4.8 21.8 * 3.4
Stdh 28.4 * 2.2 34.9 = 5.9 22.0 4.1
Lmwh 8.8 £ 7.8% |22.5  8.3* |11.3 x 2.1%
Hizrudin 28.2 * 1.6 33.4 = 7.3 21.9 = 2.2
Sham 0.04 * 1.6%* 1.8 = 3.5%* 0.0 = 0.0**

p vs. Saline; * p<0.05; ** ps0.01



TABLE 1L, Inhibitors of Coagulation.

Inhibitor Inactivates

TABLE IIL Inhibitors of Platelet Function.

JABLE 11

1) Heparin Non-bound thrombin
Non-bound factor Xa

(Factors IXa + Xla)

2) Low Molecular Weight Heparins Non-bound factor Xa
Non-bound thrombin

(Factor IXa + Xla)

3) Hirudin
Hirudin Fragments Fibrin-bound thrombin
P

and Related Small Molecules | Free-thrombin

4) Tick Anticoagulant Protein Factor Xa bound in prothrombinase complex
Antistasin Free factor Xa

5) Tissue Pathway Inhibitor Tissue factor/factor Vita complex

6) Activated Protein C Factors V and Villa

Figure 1: Regulatory mechanisms limiting the extension of thrombus formation.
Intravascular extension of thrombus is limited by multiple protective mechanisms. The most
important of these mechanisms are related 1o the presence of thrombin and/or intact
endothelium and include (1) inactivation by complex formation with plasma antithrombin
1II (AT III), (2) facilitation by endothelial heparin-like molecules of the inactive thrombin-
antithrombin III complex formation, (3) down-regulation of thrombin formation through
destruction of surface-bound factor VIila and factor Va by activated protein C (Act PC)
formed by thrombomodulin-dependent thrombin cleavage, and thrombin-mediated release
from endothelium of (4) tissue plasminogen activator (t-PA), (5) prostacyclin (PGL,), and
(6) nitric acid (NO). Additionally, intact endothelium adjacent to forming thrombus
inactivates adenosine diphosphate (ADP) and vasoactive amines released from activated
platelets (Reproduced with permission from Hematology, fourth edition, edited by Williams
'WJ, Beutler E, Erslev AJ, Lichtman, 1990, McGraw-Hill Ryerson, Inc., New York).

Inhibitor Effect

1) Aspirin Thromboxane A, synthesis
Prostaglandin G, + H, synthesis
Prostaglandin I, synthesis

2) Thromboxane A, Receptor Antagonists T A d platelet

3) Thromboxane A, Synth Inhibitors Thromboxane A, synthesis

4 Ticlopidine Inhibition of platelet aggregation by ADP and other

Clopidogrel agonists I )]

5) Glycoprotein Iib/ilia inhibitors Inhibit platelet aggregation induced by ADP, thrombin,
thromboxane A, and collagen by inhibiting binding of
fibrinogen o GPIlb/liia.

6) Thrombin receptor-binding inhibitors. Inhibit platelet activation by thrombin.

7 von Willebrand factor-binding inhibitor. Inhibit binding reaction between von Willebrand factor

and platelet glycoprotein Ib.

Figure 2. Angiogram of the rat aorta illustrating the high-grade stenosis produced

by application of an external constrictor.




Figure 3. Histologic cross section of the occlusive thrombus which is rich in red

Figure 4. Effect of thrombin inhibitors on the time to t-PA-induced thrombolysis.
cells and fibrin.

The bars represent the means, whereas, the lines above the bars represent

the standard deviation of each mear. Hirulog and PPACK significantly (p=0.02)

accelerate the time to t-PA-induced clot lysis.
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Figure 5. Schematic representation of vessel patency throughout the 80 minute Figure 6. Effect of thrombin inhibitors on the percentage of time during the 80

observation period. Closed bars represent absence of blood flow, whereas minute observation period that the vessel remains patent. The bars represent the

open bars reflect a patent vessel. means, whereas, the lines above the bars represent the standard deviation for each
mean. Hirudin, hirulog, and PPACK significantly (p<0.002) increased vessel

patency, whereas heparin did not.
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Figure 7. Effect of thrombin inhibitors on the number of reocclusions per hour that the

Figure 8. Effect of saline (o), heparin (o), hirudin (v), hirulog (), and PPACK () on
vessel remains patent. The bars represent the means, whereas, the lines above

the APTT. The individual symbols at cach time interval represent the means,
the bars represent the standard deviation of each mean. Hirudin, hirulog and

whereas, the bars represent siandard errors of each mean.
PPACK significantly (p<0.05) reduced the number of reocclusions, whereas

heparin didn’t.
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Figure 9. Effect of 2 single s¢ injection of saline, heparin, low molecular weight
hepari d hirudin on blood coagulation assays (APTT, TCT). Stdh, Figure 10. Evan’s blue staining of the injured and noninjured common carotid arteries. The
eparin, and hi i ’ -
\mwh, and hirudin significantly (p<0.05) clevated both assays, whereas saline flow surface of the control nondenuded artery (R) is not stained, however, the
did oot ‘artcry with denuded endothelfum (L) is stained blue.
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Figure 11. Scanning clectron microscopic view of the flow surface of the common
carotid artery (A), 60 minutes after cendothelial denudation (magnification
2500x), and (B) uniajured flow surface with intact endothelial cells f:'ar

comparison (magnification 1250x). Denuded flow surface (A) is covered with

clumps of platelets, fibrin, and leukocytes.
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Figure 12. Histologic crosssection of the left common carotid artery, 60
minutes after balloon injury shows partial rupiure of the media (arrows) and

presence of a mural thrombus [Osmium staining, (A) magnification 40x and (B)
magnification 200x].




Figure 13. Angiogram of the common carotid arteries of the rat immediately after Figure 14. Angiogram of the common carotid arteries two weeks after balloon injury. There

balloon injury. The lumen of the injured carotid artery did not change is 50% stenosis of the injured carotid artery (A) when compared to the uninjured

diameter immediately after denudation. contralateral artery.
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Figure 15. Effect of stdh, lmwh, hirudin, and saline t on injury-induced is as
determined by A) angiography and B) resin casting. Oaly Imwh significantly Figure 16. Picture of a resin cast of the common carotid arteries and aortic arch
inhibited stenosis (p<0.05 by angiography and p<0.05 by resin cast) when two weeks after injury.  The injured carotid artery (L) is stenotic when compared

compared to saline treatment. to the uninjured contralateral artery (R).
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Figure 17. Effect of stdh, lmwh, hirudin, and saline treatment on injury-induced intimal )
Figure 18. Representative histologic cross-section of the injured (A) and uninjured (B)

thi ing as d by of cro: ional area. Only lmwh

therapy significantly (p<0.005) inhibited intimal thickening when compared to common carotid artery from the rat treated with saline for one week. Cross-

saline treatment. section was taken at the point of maximal stenosis. (Haematoxylin & eosin and

Movat's pentachrome staining, magnification 40x and 200x).
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i, . Effe hirudin, 2nd saline treatment on the cross-sectional . B . .
Figure 19, ect of sidh, Imwh, bt Figure 20. Effect of stdh, Imwh, hirudin, and saline treatment on vasoconstriction
area of media as determined by planimetry. None of the treatments had an effect

as assessed by planimetry. None of the agents had 2 significant effect on
on the cross-scctional area of the media.

vasoconstriction.
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