No Effect of Clot Age or Thrombolysis on Argatroban’s Inhibition of Thrombin

By Roy R. Hantgan, W. Gray Jerome, and Marcie J. Hursting

The purpose of this study was to establish the effects of clot
age and thrombolysis, with either streptokinase or tissue-
type plasminogen activator (tPA), on argatroban’s ability to
inhibit thrombin. The antithrombotic activity of argatroban
has been quantified in fibrin clot permeation and fibrin clot
perfusion systems as a function of clot age and composition.
Analysis of the argatroban dose-response data with a com-
petitive inhibition model has yielded ICs values in the low
micromolar range. Results obtained in a plasma clot perme-
ation system have also shown that argatroban is a potent
inhibitor of clot-bound thrombin, independent of either clot
age or the presence of hemostatically active platelets. Treat-

ment of aged plasma clots with either streptokinase or
alteplase, at therapeutic levels, increased the available throm-
bin activity, yet argatroban still inhibited this clot-associated
thrombin with ICsy values in the low micromolar range.
Scanning electron microscopy/morphometric analyses dem-
onstrated that permeation with argatroban had no signifi-
cant effects on clot structure. We conclude that argatroban is
an effective inhibitor of thrombin bound to aged fibrin clots,
in purified systems and in plasma clots, as well as in clots
that have been treated with the thrombolytic agents strepto-
kinase and alteplase.

© 1998 by The American Society of Hematology.

RGATROBAN IS A direct thrombin inhibitor under clini- Studies in human volunteers have shown argatroban to be
cal development as adjunctive therapy to thrombolytic well-tolerated at doses that prolong the activated partial throm-

agents in acute myocardial infarction (AMI). Recent clinical boplastin time (aPTT) up to 2.6-foRf! The therapeutic
trials have shown argatroban to be especially effective whermapplications of argatroban have been extensively studied in
administered in conjunction with a thrombolytic agent within 6 Japarf, and early clinical experience in America has demon-
hours of the onset of AMI symptomig. Biochemical studies strated the potential of argatroban to provide an effective
have shown that argatroban [((2R,4R)-4-methyl-1,2,3,4-anticoagulant for patients with heparin-induced thrombocytope-
tetrahydro-8-quinolinesulfonyl)-L-arginyl-2-piperidine-carbox- nja (HIT) and heparin-induced thrombocytopenia and thrombo-
ylic acid monohydrate] is a potent and selective thrombingis syndrome (HITTS}¢7
inhibitor, one that displays akof 19 nmol/L for thrombin, Argatroban has also been shown to enhance rtPA-mediated
compared with values of 5 umol/L for trypsin, 210 pmol/L for ¢oronary reperfusion as a treatment for acute myocardial
factor Xa, and 800 pmol/L for plasmiit. Argatroban (in the  intarction when administered within 6 hours of symptom onset,
absenc_e of any cc_>fa_ctor) effectively inhibits the_ ability of 55 documented in the MINT studyn fact, argatroban provided
thrombin to cleave fibrinogen, factor XIil, and protein C and to g ia| penefit, compared with heparin, for patients presenting
initiate platelet aggregatiohStructural studies have shown that at 6 hours However, with streptokinase, argatroban tends to

argatroban_ binds _tlghtly to thrombl_n_by Inserting t_he dual accelerate coronary reperfusion more readily in patients treated

hydrophobic substituents on its arginine backbone into dee@vithin 3, versus 6, hours of AMI symptom ongeThis raises

clefts on thrombin that are near to, but distinct from its active - ' \ o o

. S e . .~ “the possibility that argatroban’s ability to inhibit clot-bound

site>8 Thus, steric hindrance blocks thrombin’s physiological - . .
thrombin may decrease with clot age and/or be sensitive to

substrates from access o its catalytic pocket. ossible temporally related changes imparted on the clot b
Argatroban’s ability to inhibit thrombin that is bound to fibrin gtreptokinasep Y 9 P y

and plasma clotsas well as to prevent fibrin-bound thrombin . . . R . L
These issues were investigated in this study with new in vitro

from aggregating platelétias led investigators to explore its .
applications for treatment of cardiovascular dis€agetudies models of the aged r_luman thr-o_mbus. The goals of th_'s ?“_de
ere to determine if the ability of argatroban to inhibit

in experimental models of thrombotic disease have shown A 3 al
argatroban to reduce cyclic blood flow variations in a canineclot-bound thrombin changes with clot age and to determine if

model of coronary artery stenodsas well as to accelerate the ability of argatroban to inhibit clot-bound thrombin changes
thrombolysis mediated by urokinase plasminogen activato@fter fibrinolysis mediated by either streptokinase or alteplase.

(UPAY#4 and recombinant tissue-type plasminogen activatorBecause clinical trials have demonstrated that events occurring
(rtPA)1.15in vitro and in rabbit occluded artery models. between 3 and 6 hours after the onset of symptoms of an acute

myocardial infarction can have significant effects on argatro-
ban's efficacyt? the experimental systems presented here

ave been designed to simulate this therapeutic window.

From the Departments of Biochemistry and Pathology, Wake Fores{:‘ ith ot lot Ivsis has b . v add di
University School of Medicine, Winston-Salem, NC; and Texas Biotech- either clot age nor clot lysis has been previously acdressed in

nology Corp, Houston, TX. this context., pegguse data in. the Iiterature only describe
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this fact. presented that show that permeation of intact and partially lysed
© 1998 by The American Society of Hematology. plasma clots with argatroban does not cause significant changes
0006-4971/98/9206-0030$3.00/0 in clot structure.
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MATERIALS AND METHODS inhibit thrombin bound to aged fibrin clots. In those experiments, fibrin
clots containing 0.5 NIH units/mL thrombin were aged for 0.5, 3, or 6
hours and then a 100-pL aliquot of either HEPES-buffered saline or

Argatroban (NOVASTAN) was provided by Texas Biotechnology argatroban (0 to 300 pmol/L) was added to each fibrin clot-containing

Corp (Houston, TX). Highly purified humaw-thrombin (specific  ell. After 30 minutes of incubation with the plate on a rotary mixer,

activity, 2,720 NIH units/mg) was a gift (to R.R.H.) from Dr J. Fenton excess liquid 80 uL) was carefully removed without disturbing the

(New York State Department of Health, Wadsworth Center for Labora-cjot. Next, a 100-pL aliquot of S-2238 (560 umol/L) was added to each

tories and Research, Albany, NY). Highly purified human fibrinogen e|| and the rate of color development (at 405 nm) was measured as

(plasminogen-free and factor XllI-free) and streptokinase (4,000 1U/gescribed earlier in this section.

mg) were purchased from American Diagnostica (Greenwich, CT). |y aqdition, the observation that fibrin clots incubated with S-2238

Alteplase (Activase) was purchased from Genentech (South SaRqon developed a distinct yellow color led us to develop an additional

Francisco, CA). Chromogenic substrate S-2238 was purchased from|o pased thrombin assay performed in optical perfusion chambers.

ChromogenleB (Molndal,Sweden).Aprotlnln,bovme serum album_ln Fibrin clot-based thrombin assay (clot perfusion systenglot-

(Fraction V), and cytochalasin B were purchased from Sigma Chemical, o thrombin assays were also performed in real-time kinetic mode

Co (St Louis, MO). using optical flow cells (Hellma Cells, Forest Hills, NY; model
178.010-0S, z= 15 mm). Clotting was initiated by addition of
Plasma Isolation Procedures thrombin (to 0.5 U/mL) to fibrinogen (1.0 mg/mL) in HBS, pH 7.4,

Blood was drawn by venipuncture from healthy, adult volunteer containing bovine serum albumin (3 mg/mL) and Ga(2l0 mmol/L),
donors (who had taken no aspirin in the preceding 2 weeks) into 1/1@nd then a 200-pL aliquot of polymerizing fibrin solution was trans-
vol of sodium citrate (110 mmol/L) anticoagulant. The procedures usederred by pipette to fill the optical chamber (80 pL) and its inlet and
were fully examined and approved by the Clinical Research Practicegutlet ports before the gel point. The absorbance at 405 nm was
Committee of the Bowman Gray School of Medicine. Platelet-rich recorded as a function of time in an LKB Ultrospec spectrophotometer
plasma (PRP) and platelet-poor plasma (PPP) were isolated by differerihat was interfaced to a laboratory microcomputer with a Keithley
tial centrifugation, and platelet counts were determined with a CoulterModel DAS-8PGA 8-channel, 12 bit analog input board operated in
Model Z instrument (Coulter, Hialeah, FL), as previously descri§ed. ~ conjunction with the EASYEST LX software package (Keithley

ASYST, Rochester, NY). The increase in absorbance at 405 nm versus
Thrombin Activity Assays time provided a direct index of the clot formation process, which was
half-complete in approximately 5 minutes and reached a plateau by
approximately 60 minutes.

After an incubation period of 180 minutes at 23°C, the clot was
gently perfused (6 mL/h) with 2 clot volumes of buffer or argatroban (0
to 300 umol/L). Thirty minutes after starting the first perfusion step, the
clot was perfused with 1.5 clot volumes of S-2238 (560 umol/L) with

Materials

Solution assay. Thrombin was diluted to concentrations in the
range of 0 to 3 NIH units/mL in either 0.13 mol/L NaCl, 0.05 mol/L
Tris, pH 8.3, or 0.13 mol/L NaCl, 0.01 mol/L HEPES, pH 7.4, and
aliquots of 100 pL were transferred to flat-bottom microtiter plates
(Falcon 3915; Becton Dickinson and Co, Lincoln Park, NJ). Next, a

100-uL aliquot of chromogenic substrate S-223¢560 umol/L in 80ntinuous recording of the absorbance at 405 nm. In control experi-

water) was added to each well and the plates were incubated for 3 ) . . - .
. . . . ents (ie, perfusion of the clots with buffer), the initial rate of increase
minutes at 23°C. The reaction was quenched by the addition of 50 uL o . . -
In Aoswas found to be linear up to 1.5 absorbance units and to exhibit a

20% acetic acid and the absorbance at 405 nm was measured in anai< £ 39+ /mi
microtiter plate reader (Molecular Devices, Palo Alto, CA). The assayS opg of 39= 7 mOD/min. . I
was found to be linear over the range of 0.03 to 0.90 NIH units/mL This system was used to monitor thg effects of argatroban on fibrin
thrombin (correlation coefficient= 0.95); the activity at pH 7.4 was clot structur_e, as well as _to determine dose-rgsponse curves for
81% of that at pH 8.3. These observations formed the basis forgrgatroban inhibition of fibrin clot-bound thromblr.m However, the
development of a chromogenic thrombin assay in fibrin clots, aslncreased abs‘;orbanc§>’\e)‘ at ‘405‘nm measured with plasma clots
described next. precluded their examination in this system. Therefore, a plasma-clot

Fibrin clot-based thrombin assay (clot permeation systerfjbrin ~ P2Sed permeation assay was also developed, as described next.
clots were formed by the addition of thrombin (to 0.1 to 1 NIH  lasmaclot-based thrombin assay (clot permeation systeflasma
units/mL) to fibrinogen (1.0 mg/mL) in HEPES-buffered saline, pH 7.4 clots.were formed by addlthn of thrombin (to 0.5 U/mL) and cglc.lum
(HBS). Immediately after mixing, triplicate aliquots (50 L each) of the chlonde_(to 20 mmol/L) to citrated human plasmg, anq then triplicate
polymerizing fibrin solution were transferred to wells of a microtiter 90-HL aliquots were transferred to the wells of a microtiter plate before
plate and incubated for 30 minutes at 23°C. Selected fibrin clot wellsthe gel point. When the assay was performed with PRP, cytochalasin B
were washed by the addition of 100 pL of HBS followed by careful Was added (to 100 umol/L) and the PRP was preincubated for 5 minutes
removal of excess buffer, whereas other wells were untreated. Chromd?efore the addition of thrombin and calcium. This additional step was
genic substrate S-2238 (100 L at 560 pmol/L) was added to each welken to minimize platelet-mediated clot retractirthus insuring a
and the plate was transferred to a Vmax microtiter plate reader, operateidniform clot for subsequent stages of the thrombin assay.
in the kinetic mode at 405 nm (1 point per minute for 30 minutes). Microtiter plates containing both PRP and PPP clots were incubated

The rate of color development, expressed as milli-optical densityfor 3 or 6 hours in sealed, moist chambers at 23°C. Next, 100-pL
(OD) per minute, was found to be linear up to an absorbance of 0.2aliquots of argatroban (0 to 300 pmol/L) or HBS were added to the
Furthermore, this index of thrombin activity in the washed fibrin clots plasma clot wells, and the plates were incubated on a rotary mixer for 30
was found to be 84%:- 4% of that in the untreated wells, based on minutes. Excess liquid~80 pL) was removed and 100-pL aliquots of
experiments performed at 0.3 NIH units/mL thrombin. Additional S-2238 (560 pmol/L) were added to each well. The rate of color
experiments of this type demonstrated a linear relationship between thdevelopment was measured at 405 nm with the microtiter plate reader
initial rate of color development and the concentration of thrombin operated in the automix/kinetic mode, and the initial rafe$44s, <0.2)
present in the fibrin clots, over the range of 0.1 to 1 NIH units/mL were determined with SOFTMAX software provided by Molecular
(correlation coefficient= 0.87). Devices, Inc.

This versatile fibrin clot-based thrombin activity assay was used in Lysed plasma-clot thrombin assays (clot permeation systew@ria-
subsequent experiments to characterize the ability of argatroban ttions on the plasma-clot—based system were developed to investigate
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both the time course of clot lysis by streptokinase and alteplase and the RESULTS

effects of thrombolysis on the activity of clot-bound thrombin. Effects of Fibrin Clot Aging on Argatroban’s

Antithrombin Activity

Clot Lysis Kinetics Argatroban has been previously shown to be an effective

The time course of plasma clot formation and lysis were measured bynhibitor of thrombin bound to fibrin clots as well as thrombin
adding 100-pL aliquots of polymerizing plasma (containing 0.5 U/mL free in solution, exhibiting 1§, values in the low micromolar
thrombin and 20 mmol/L calcium chloride) to the wells of a microtiter range in both casésHowever, because the available data only
plate and then measuring changes in the absorbance (turbidity) at 40geqeripe fiprin clots incubated with argatroban after an initial
nm versus time with the Vmax device operated in the kinetic mode (bUIBO-minute clot stabilization periotithe question remains: Do

with no mixing) over a 3-hour period. After this incubation, 100-uL . d d h in cl 2B inl
aliquots of either buffer, streptokinase (250 or 500 U/mL), or alteplaset'me' ependent changes In clot struc influence argatro-

(10 or 20 pg/mL) in HBS were layered on each plasma clot. Uponban’s antithrombin activity? This issue was addressed by

returning the microtiter plate to the reader, the subsequent changes ifcubating fibrin clots for 0.5, 3, or 6 hours before permeation

A5 Were monitored for an additional 120 minutes. The extent of clot With argatroban concentrations ranging from 0 to 300 umol/L,

lysis was determined from the decrease in turbidity that accompaniedncubating each clot for 0.5 hours before removing excess

the lytic process. inhibitor, and then detecting the remaining clot-bound thrombin
activity with a chromogenic substrate.

Thrombin Activity Assays After Clot Lysis Characterization of a New Assay for Clot-Bound Thrombin

Plasma clots were formed from 50-pL aliquots of PPP and incubated This assav used coarse fibrin clots. ie. those prepared under
for 3 or 6 hours, as described earlier. Then, 50-pL aliquots of either y N prep

HBS, streptokinase (250 U/mL), or alteplase (10 pg/mL) were Iayerednear'phys")lo‘:‘llcal con_dmong of PH_(7'4) and salt concentration
on each clot and incubated for 30 minutes. Next, 100-pL aliquots of(0-13 mol/L NaCl) to yield thick fibrin strands. SEM showed a
either buffer or argatroban (0 to 100 umol/L) were added to each wellhighly interconnected network of fibrin strands, characterized
and incubated for 30 minutes. Anticipating that thrombin was likely to by an average fiber diameter of 72 12 nm and a distance

be present both in solution and within these partly lysed clots, excesbetween branchpoints in the range 300 to 600 nm. The total
liquid was not removed for these assays. Rather, substrate S-2238 (S(iﬂgpth of each cylindrical clot (formed in the wells of a
Hmol/L) was added directly to each well and the increases3 was  microtiter plate) was set at approximately 1.6 mm to maximize
monitored as described above. _permeation with both argatroban and substrate. SEM yielded a

Recognizing that these thrombolytic agents can generate plasmin i, o fiber diameter of 72 11 nm for clots that had been permeated
plasma, as well as in plasma clots, and that the resultant plasmin “lith argatroban (100 pmol/L), indicating that no significant changes
cleave S-2238 (albeit at a 200-fold slower rate than throfhicontrol 9 H ' 9 9 9

wells containing 50-pL aliquots of plasma were also carried throughoufn clot ar_Ch'teCtur_e had o_ccurred dumg this treatme_nt'_

the assay to determine the magnitude of this effect. Additional controls CONSistent with earlier observations, thrombin incorporated
for plasmin activity were performed by incubating plasma clots with Into these fibrin clots remained tightly bouf& as evidenced
buffer, streptokinase (250 U/mL), or alteplase (10 ug/mL) and thenby the recovery of approximately 85% of the amidolytic activity
adding one of the following mixtures to these partly lysed clots: buffer, after permeation of clots with buffered saline and removing
argatroban (100 pmol/L), aprotinin (100 KIU/mL), or argatroban (100 excess liquid before delivery of the chromogenic substrate

pmol/L) + aprotinin (100 KIU/mL). (Materials and Methods). Furthermore, the thrombin activity
detected in these fibrin clots was approximately 30% of that
Scanning Electron Microscopy (SEM) observed with the same thrombin concentration free in solution

N - . (Fig 1, insert), indicating that a substantial fraction of this
SEM was used to examine fibrin structure within the clot permeation . . .

; . o clot-bound thrombin was readily accessible to substrate. How-
systems just described. Cylindrical clots were assembled, aged, perme- o . o

ated, and lysed in wells (6 to 8 mm in diamete2 mm deep) thathad ~ €VeT: clot-bound thrombin differed from that in solution in that

been machined in the center of carbon planchettes. Fibrin clots (purifiedfS activity remained constant over a 6-hour period at room
system) in HBS, pH 7.4, were aged for 1 hour and then overlaid withtemperature. In contrast, thrombin in solution exhibited a
either buffer or argatroban (100 pmol/L) for 30 minutes before time-dependent loss of amidolytic activity characterized by a
processing for microscopy. Plasma clots were aged for 3 hours and thehalf-time of approximately 36 minutes (Fig 1, insert).

overlaid with either buffer, argatroban (100 umol/L), streptokinase (250

U/mL), or alteplase (10 pg/mL) for 30 minutes. Selected plasma clotsArgatroban Inhibition Profiles With Aged Fibrin Clots

were first treated with thrombolytic agent for 30 minutes, excess liquid The concentration of argatroban required to inhibit clot-

was removed, and.then the .CIOtS were treated with argatroban uo%ound thrombin was initially determined with fibrin clots aged
pmol/L) for an additional 30 minutes.

After these treatments, the clotted samples were dehydrated through%‘r" 3, 0r 6 hours and then permeated with argatroban con_centra-
graded series of ethanol and dried from Chy the critical-point  tONS ranging from O to 300 pmol/L. Dose-response data, ie, the
method?! The samples were sputter-coated with 50 A of gold- initial rate of the absorbance increase at 405 nm after the
palladium and observed at 15 keV in a Phillips 501 scanning electroraddition of chromogenic substrate, as a function of argatroban
microscope (Philips Electronic Instruments, Mahwah, NJ). Measure-concentration, are presented in Fig 1. The data were then fitted
ments of fiber widths were determined from micrographs obtained at &o the following competitive inhibition mod€&lto determine the

magnification of 18,308; measurements were made on 20 to 50 |Cg, ie, the concentration that reduced the thrombin activity to
randomly selected fibers for each sample. Statistical analyses, includinggos of its maximal value:
thet-testand ANOVA, were performed with SigmaStat software (Jandel

Scientific, San Rafael, CA). Activity = Max Activity X ICgy/[Argatrobin] + IC5, (1)
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Fig 1. Argatroban inhibition of thrombin bound to aged fibrin

clots (clot permeation assay). Fibrin clots (50 pL each) were formed in
the wells of a microtiter plate by addition of thrombin (to 0.5 NIH
units/mL) to fibrinogen (1 mg/mL) in HBS, pH 7.4, and then aged for
0.5 hours (O), 3 hours (4A), or 6 hours (@) at 23°C before permeation
with argatroban (0 to 30 wmol/L). After removal of excess inhibitor,
thrombin activity was determined with chromogenic substrate S-2238,
and the results were presented as the initial rate of color develop-
ment at 405 nm (expressed as milli-OD per minute determined in a
Vmax Kinetic Microtiter Reader). These data were fit to equation 1 to
determine the ICs, ie, the concentration of argatroban that reduced
the clot-bound thrombin activity to 50% of its maximum value.
Resultant ICs, values and the maximum inhibition are presented in
Table 1. Data shown as A were obtained by clotting fibrinogen in
HBS, pH 7.4, containing 2 mmol/L CaCl, and 3 mg/mL bovine serum
albumin, and then incubating for 3 hours before permeation with
argatroban (0 to 300 pmol/L), followed by removal of excess inhibitor
and addition of chromogenic substrate S-2238. The solid line was
calculated from equation 2, using the IC5, (0.8 £ 0.1 pmol/L) and
noninhibited fraction (0.11 + 0.01) determined by nonlinear regres-
sion analysis. This procedure also yields the uncertainty in each fitted
parameter, expressed as its standard deviation. (Insert) Time-
dependent changes in the activity of thrombin, in solution and bound
to fibrin clots. Thrombin (0.5 NIH units/mL) was incubated either in
HBS, pH 7.4 (O) or in fibrin clots (M) (1 mg/mL) for the indicated period
before the addition of S-2238. Thrombin activity is expressed as the
initial rate parameter in milli-OD per minute.

As shown by the data and fitted parameters in Table 1, this
procedure yielded an accurate description of the argatroban
dose-response curves for clots aged 0.5, 3, and 6 hours. The

resultant 1G, values were not dependent on clot age and
averaged 1.& 0.3 umol/L over this interval. Thrombin activity
was inhibited by 89%+ 0.4% at 30 umol/L argatroban, again
independent of clot age (Table 1).

Additional experiments of this type demonstrated that form-
ing and aging fibrin clots (for 3 hours) in the presence of
millimolar Ca&* had no significant effect on the dgparam-
eters, which averaged 2:8 1.6 umol/L over the range of 1 to 5
mmol/L CaC}. There was a moderate reduction in the maximal
inhibition, which averaged 77%t- 4% in the presence of
millimolar Ca&* (Table 1). However, I¢, values of 1.2+ 0.5
pmol/L and maximum inhibition values of 90% 1% were

obtained when albumin, alone and in the presence of 2 mmol/lr

Ca*, was present (Table 1).
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the data were treated with a modified form of equation 1, ie, one that
allows for the possibility of incomplete thrombin inhibition in the
presence of saturating concentrations of argatfSban

Activity = Max Activity X (IC5, + Noninhibited Fraction

X [Argatroban])/[Argatroban}- IC5,  (2)

As shown by the correspondence between the experimental data
(&) and solid line in Fig 1, this equation provided an accurate
description of the argatroban dose-response data. Nonlinear regres-
sion analysis yielded an igvalue of 0.8+ 0.1 pymol/L and a
noninhibited fraction of 0.11 0.01, corresponding to 89% inhibi-

tion of fibrin clot-bound thrombin at saturating argatroban concentra-
tions. Analysis of the complete data set presented in Table 1 yielded a
mean 1Gyof 2.0+ 1.0 pmol/L and 85% 6% maximum inhibition

of fibrin clot-bound thrombin by argatroban.

Argatroban Inhibition of Fibrin Clot Bound-Thrombin
in a Perfusion Model

The ability of argatroban to inhibit thrombin bound to fibrin
was also examined in a perfusion model, a system that was
designed to maximize delivery of the thrombin inhibitor to the
interstices of an aged fibrin clot. As shown in Fig 2 (insert),
fibrin clots were formed and aged (in the presence of 2 mmol/L
Ca&* and 3 mg/mL albumin) in an optical flow cell contained
within a spectrophotometer, with continuous monitoring of the
optical density?® These data have been normalized by thg;A
due to clotted fibrin (averaged over the interval 160 to 175
minutes, approximately 1 absorbance unit) to obtain a plot of
relative intensity versus time. After step 1, the clotting and
180-minute aging period, each clot was gently perfused with
either buffer or argatroban (0 to 300 pmol/L) during step 2,
denoted by the solid line. A consideration of the complete data
set indicated that the fibrin clots were quite stable, in that
perfusion with 2 clot volumes of either buffer or argatroban

Table 1. Argatroban Inhibition of Fibrin Clot-Bound Thrombin

Maximum Maximum

Clot Age [CaCly] [Albumin] Activity 1Cso Inhibition

(h) (mmol/L) (mg/mL) (mOD/min) (umol/L) (% control)
0.5 0 0 29+01 22=*03 89
3.0 0 0 3702 18=*0.2 88
6.0 0 0 31+00 16=*=03 88
3.0 1 0 34+03 16=*09 76
3.0 2 0 28*04 46*09 80
3.0 5 0 33+x00 22=*13 73
3.0 0 3 41+06 17*02 90
3.0 2 3 39+13 12=*02 91
3.0 2 3 43+x01 08=x0.1 89

Thrombin activity bound to aged fibrin clots, formed from purified
components, was determined in the clot permeation assay, as de-
scribed in the text and the legend to Fig 1. Results are expressed here
as the maximum activity, ie, the mean and standard deviation of
results obtained in triplicate samples, in the absence of argatroban.
The ICs, parameters and their standard deviation were determined by
itting the data obtained as a function of argatroban concentration to
equation 1 or 2 (last entry only), in each case by nonlinear regression

This point was explored in more detail with clots formed and agedanalysis. The maximum inhibition was obtained from the thrombin

for 3 hours in the presence of 2 mmol/LCand 3 mg/mL albumin.

activity determined in the presence of excess argatroban and is

Here, the argatroban concentration was extended to 300 pumol/L angkpressed as a percentage of the maximum (ie, control) activity.
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Fig 2. Argatroban inhibition of thrombin bound to aged fibrin
clots (clot perfusion assay). (Insert) Time-course of clot perfusion
assay. Clots were formed by the addition of thrombin (0.5 NIH
units/mL) to fibrinogen (1 mg/mL) in HBS, pH 7.4, containing CaCl, (2
mmol/L) and bovine serum albumin (3 mg/mL). The solution was
then (before the gel point) transferred to an absorbance flow-cell
(path length, 1 cm) in a spectrophotometer. Relative intensity, ie, the
absorbance at 405 nm expressed as a fraction of the clotted fibrin
signal, is presented as a function of time (1). After 180 minutes of
incubation at 23°C, clots were perfused with either HBS, pH 7.4
(upper trace), or argatroban (100 pwmol/L in buffer; lower trace) for the
period indicated by the bracket (2). Thirty minutes after the start of
that perfusion, each clot was perfused with chromogenic substrate
S-2238 (560 pwmol/L in water), as indicated by the bracket (3). After
this perfusion (during which the absorbance increases by ~10%), the
initial rate of color development was determined from the digitally
stored data. Argatroban dose-response data. (A) Thrombin activity
(initial rate of color development at 405 nm) obtained as a function of
argatroban concentration in the perfusate. The solid line was deter-
mined with the ICs, value of 8.0 = 2.4 pmol/L obtained by fitting the
data to equation 1.

changed the turbidity by less than 5%, ie, a nonsignificant
changeP = .25, n=9). Next, each aged clot was perfused with
1.5 clot volumes of substrate S-2238 during step 3. Areprese
tative control experiment and a perfusion with 100 umol/L

argatroban are shown in Fig 2, insert.
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Argatroban Inhibition of Thrombin Bound to Plasma Clots:
Effects of Clot Age

The ability of argatroban to inhibit thrombin bound to aged
plasma clots was also investigated using the clot permeation
system described earlier. SEM examination of 3-hour aged PPP
clots showed a thin surface coat and an interior network of fibrin
strands (Fig 3A). At higher magnification (Fig 3B), individual
fibrin strands can be visualized as thick cables (200 to 300 nm,
Fig 4) that extend over distances of several microns. The open
architecture of these plasma clots, which are characterized by
distances between fiber branchpoints ranging from 300 to 1,000
nm, is consistent with earlier observations that plasma clots are
rather freely permeable to water and low molecular weight
solutes?®-31

The maximum thrombin activity determined in the perme-
ation model with plasma clots was 123 mOD/min, indepen-
dent of either clot age or the presence/absence of platelets
(Table 2). This level of thrombin activity is threefold to fourfold
greater than that observed with fibrin clots assembled from
purified components (Table 1), consistent with the increased
generation of thrombin in clotted plasma.

Data obtained as a function of argatroban concentration were
fitted to equation 2 by nonlinear regression to determine tgg IC
and maximum inhibition. Representative data are depicted in
Fig 5A and B and the results of analyzing the complete data set
are presented in Table 2. Statistical analysdegt) indicated
that the mean 163 values determined for argatroban inhibition
of thrombin bound to clots formed from PRP aged 3 hours and 6
hours, ie, 2.7+ 1.0 umol/L (n= 9) and 3.4+ 3.0 umol/L
(n = 7), respectively, were not significantly differef & .6).

The mean I1G, parameters determined for PPP clots aged 3 and
6 hours, ie, 6.1+ 3.0 umol/L (n= 9) and 2.9+ 1.3 umol/L

(n = 7), respectively, were statistically differer (= .02);
however, the biological significance of this change is uncertain.
Taken together, these data indicate argatroban was an effective
inhibitor of thrombin bound to clotted PRP and PPP after aging
periods of either 3 or 6 hours. In fact, analysis of the complete
data (Table 2) set yielded a meanyd@alue of 3.8+ 2.6 umol/L

and a maximum inhibition of 83% 9%.

SEM examination showed that the highly interconnected
network of these plasma clots remained intact after treatment

The initial rate of absorbance increase (after completion Ofwith argatroban. Morphometric analyses demonstrated the

the substrate perfusion step) was determined by linear regresiaan fiber diameter was 19980 nm for PPP clots permeated
sion to obtain a thrombin activity parameter for each experi-With buffer and 200+ 70 nm for clots permeated with 100
ment. Figure 2 depicts the resultant dose-response curve, i'f:vmol/L argatroban (Fig 4). PRP clots exhibited a somewhat
thrombin activity versus [argatroban] in the perfusate. Becausqaarger diameter (286: 50 nm) after permeation with buffer and
near-complete inhibition was obtained at argatroban concentray gimilar value (280+ 65 nm) after permeation with 100
tions at or above 100 pmol/L, these data were fit to equation 1 tQ,mol/L argatroban (Fig 4).
obtain an IGy, = 8.0 = 2.4 umol/L. This parameter describes
argatroban inhibition of thrombin bound to 3-hour aged fibrin Argatroban Inhibition of Thrombin Bound to Plasma Clots:
clots (in the presence of 2 mmol/L &aand 3 mg/mL albumin).  Effects of Thrombolysis

Both the maximum thrombin activity obtained in this perfu-  The ability of argatroban to inhibit thrombin, both that bound
sion model (39= 7 mOD/min) and the 16 value (8.0+ 2.4 to aged plasma clots and that released by the fibrinolytic activity
umol/L) are greater than the corresponding parameters obtainest streptokinase and alteplase, was also determined in the
in the microtiter plate/clot permeation model described earlierplasma clot permeation model. The concentrations of thrombo-
These observations suggest that more clot-bound thrombin itic agent, ie, 250 IU/mL streptokinase and 10 ug/mL alteplase,
accessible in the perfusion model; hence, higher argatrobawere designed to replicate plasma levels typically achieved
concentrations are required to achieve a comparable degree dfiring thrombolytic therap§?-3 Both clot formation in plasma
inhibition. and the extent of clot lysis were monitored by changes in optical
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Fig 3. SEM of aged plasma
clots. Plasma clots (50 pL) were
formed by addition of thrombin
(to 0.5 NIH units/mL) and CaCl,
(to 20 mmol/L) to citrated hu-
man plasma and then transferred
to cylindrical wells milled in car-
bon planchettes. After 3 hours of
incubation, clots were overlaid
with HBS, pH 7.4. After a 30-
minute permeation period, ex-
cess liquid was removed and
each sample was dehydrated,
critical point-dried, and sputter-
coated as described in Materials
and Methods. Samples were ex-
amined in a Philips Model 515
scanning electron microscope,
and micrographs were taken
at magnifications of 1,850x (A;
bar = 10 wm) and 18,300x (B;
bar =1 pm).

density at 405 nm. The effects of thrombolytic agents andA4s by 11% = 3% in 30 minutes; the turbidity reached a
argatroban on clot structure were also examined by SEM. plateau soon after. In contrast, as shown in Fig 7A, insert,
As evidenced by data such as that shown in Fig 6A, insertalteplase decreased thg,Aby 6%+ 1% in the first 30 minutes,
streptokinase lysis of plasma clots aged 3 hours decreased thit the turbidity continued to decrease in an approximately



2070 HANTGAN, JEROME, AND HURSTING
400 —~
£ 20
:
£ 300 l 0 3hr IC, (uM) % Inhibited
£ 15 - 50
§ <
2 £ PRP 2.8+0.3 86+-2
S 200 £ 10 - PPP 58+0.3 89+-1
S <
“ £
g 100 - €
Q E 51
w .C'E) Y
= @)
PRP PRP PPP PP  PPP PI;P PPP PPP 0~ ' T ' ' j j
HBS Arg HBS Arg SK SKArg Al AltArg 0 50 100 150 200 250 300
Fig 4. Fiber diameters determined by SEM. Each bar denotes the [Argatroban] uM
mean fiber width (in nanometers) and its standard deviation for PRP
and PPP plasma clots aged 3 hours and then treated as follows —_ 20
(30-minute permeation period with each effector): HBS (pH 7.4); Arg, £=
argatroban (100 pmol/L); SK, streptokinase (250 IU/mL); Alt, al- §
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prmol/L argatroban); Alt/Arg (10 ng/mL alteplase, then 100 pwmol/L £
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lected fibrin strands, as visualized in high-magnification micrographs ,,? PRP 2.1+-0.2 87+-1
such as those presented in Fig 3B. % 10 1 PPP 4.3+-0.2 88+-1
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linear manner over the next 90 minutes. SEM showed that th¢.S
fibrin network that remained after exposure to a thrombolytic '€ 5 1
agent was comparable to that present before lysis. Morphome _g
ric analyses indicated a modest reduction in fiber thickness afte - @) 8
treatment with streptokinase, but no significant change afte 0~ T T ; T T T
exposure to alteplase (Fig 4). 0 50 100 150 200 250 300

In the argatroban inhibition experiments, plasma clots were

[Argatroban] uM

aged for 3 or 6 hours, lysed with either streptokinase or alteplas<
for 30 minutes, and p(_ermeated W'_th ar_ggtroban (0 to . 100 Fig 5. Argatroban inhibition of thrombin bound to aged plasma
pmol/L) and then the residual thrombin activity was determinedclots (clot permeation assay). Plasma clots (50 pL each) were formed
with chromogenic substrate S-2238. Representative argatrobdry the addition of thrombin (to 0.5 NIH units/mL) and CaCl, (to 20
dose-response curves obtained with 3- and 6-hour aged plasnfmol/L) to citrated human plasma (PRP, solid symbols; PPF, open

= Y : Is) in the wells of a microtiter pl hen i f
clots, lysed with either streptokinase or alteplase, are presenteq'P0!S) in the wells of a microtiter plate and then incubated for

Table 2. Argatroban Inhibition of Thrombin Bound
to Aged Plasma Clots

Platelet Maximum Maximum

Clot Age Count Activity ICso Inhibition No. of

(h) (108 cells/mL)  (mOD/min) (umol/L) (% Control) Donors
A. PRP

3 22*0.6 125+33 27*x10 83=*4 9

6 24*+04 13.1+27 34+x31 80*x14 7
B. PPP

3 — 120+32 61+x3.0 88=*5 9

6 — 115+34 29+*13 81*12 7
Average — 123+31 38*26 83*9

Thrombin activity bound to aged plasma clots was determined by
the clot permeation assay, as described in the text and legend to Fig 5.
The average (+SD) of parameters, obtained with a series of individual
donors from whose blood both PRP and PPP clots were prepared and
analyzed, is shown. The maximum activity represents the mean and
standard deviation of triplicate analyses in the absence of argatroban.
The IC5, and maximum inhibition parameters (and their standard
deviations) were obtained by nonlinear regression analysis of activity
data, obtained as a function of argatroban concentration, using
equation 2.

€

either 3 hours (upper panel) or 6 hours (lower panel) before perme-
ation with argatroban (0 to 300 pwmol/L) in HBS, pH 7.4. After the
removal of excess inhibitor, thrombin activity was determined with
chromogenic substrate S-2238 and the results were expressed as the
initial rate of color development at 405 nm in units of milli-OD per
minute (in a Vmax Kinetic Microtiter Plate Reader). Data obtained as a
function of argatroban concentration were analyzed with equation 2
to determine the parameters shown in the inserts, ICs,, and percent-
age of maximum inhibition (defined as 100 * [1 — noninhibited
fraction]). The solid lines were calculated from the resultant param-
eters obtained with PRP clots at each clot age. Table 2 presents the
complete set of inhibition parameters obtained in these assays.

in Figs 6 and 7, respectively. Each argatroban inhibition
experiment also included clotted plasma controls, to which
buffer was delivered in place of thrombolytic agent. Morphomet-
ric analyses of SEM data showed that no significant changes in
fiber thickness had taken place during the argatroban perme-
ation procedures (Fig 4).

Argatroban dose-response curves were analyzed by using
equation 2 to determine the 4€and maximum inhibition of
thrombin activity for both intact and partially lysed aged plasma
clots. Representative curve fits are shown in Figs 6 and 7, and
the complete parameter set is presented in Table 3. It is noted
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that 1G, values less than 1 pmol/L resulted in all cases,
indicating that the ability of argatroban to inhibit clot-bound
thrombin was not diminished by clot age or by the action of
thrombolytic agents on these aged plasma clots. In fact, thic
mean IGq values obtained for the following conditions were §
indistinguishable: intact clots, 0.6Z 0.12 pymol/L (n= 8);
streptokinase-lysed clots, 0.670.26 pmol/L (n= 5,P = .9 cf
controls); alteplase-lysed clots, 0.230.10 (n= 4,P = .4 cf
controls). This pattern of effective argatroban inhibition was-
obtained even under conditions in which streptokinase lysis
increased the available thrombin activity 1.6-fold and alteplase
by 2.7-fold (parameters derived from data in Table 3).

One point that deserves attention is the maximum inhibition
determined with saturating argatroban concentrations (cited i
Table 3). With control plasma clots, this parameter was 94%.
indicative of nearly complete inhibition. In contrast, with
streptokinase-lysed clots, the maximum inhibition appeared
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limited to approximately 70%. However, as shown in Fig 6 and Fig 7. Argatroban inhibition of thrombin present in aged plasma
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Fig 6. Argatroban inhibition of thrombin present in aged plasma
clots treated with streptokinase. Plasma clots (50 pL each) were
formed from PRP and aged for 3 hours (as described in the legend to
Fig 5). Then, 50 pL of either streptokinase (250 IU/mL in HBS, pH 7.4)
or buffer was layered on each aged plasma clot and incubated for 30
minutes to induce lysis. Control plasma samples (ie, no thrombin
added) were also incubated for 3 hours, and then streptokinase was
added to their wells. In each case, argatroban (0 to 65 pmol/L) was
added to the wells and incubated for an additional 30 minutes before
the addition of substrate S-2238 and determination of thrombin
activity (as described in the legend to Fig 5). Note that excess liquid
was hot removed at any step in this assay to recover both clot-bound
thrombin and that released into the supernatant during clot lysis.
Argatroban dose-response data obtained with streptokinase-treated
plasma clots (@) and with intact plasma clots (O) were analyzed with
equation 2 by nonlinear regression to obtain the IC5, and maximum
inhibition parameters (cited in Table 3 and used to calculate the solid
lines). Data obtained with plasma samples treated with streptokinase
are presented as A and provide a measure of the amidolytic activity
due to plasmin generation in plasma, as described in the text. (Insert)
Time course of streptokinase lysis of aged plasma clots. Clots formed
from PPP (100 pL) were aged for 3 hours and then overlaid with an
equal volume of either buffer (control trace) or streptokinase (SK
trace; 250 IU/mL in HBS, pH 7.4). The change in optical density at 405
nm was recorded as a function of time (Vmax Kinetic Microtiter Plate
Reader). The extent clot lysis of was determined from the difference
in optical density between the control and SK-treated data, at
selected time points as described in the text.

hours and then incubated with alteplase (10 pg/mL) before perme-
ation with argatroban and determination of thrombin activity. The
experimental procedures described in the legend to Fig 6 were
followed, except that alteplase was used to induce lysis rather than
streptokinase. Data obtained with alteplase-lysed plasma clots (@)
and intact plasma clots (O) were analyzed with equation 2 to obtain
the solid lines; the resultant inhibition parameters are cited in Table 3.
Data obtained with alteplase-treated plasma (A) provide a measure
of amidolytic activity due to plasmin, as described in the text. (Insert)
Time course of alteplase lysis of aged plasma clots. Experimental
procedures and data analyses described in the legend to Fig 4 were
followed, except that clots were overlaid with alteplase (10 ng/mL) to
induce lysis.

tional experiments showed that permeating aged/streptokinase-
lysed plasma clots with both excess argatroban (60 pmol/L) and
the plasmin inhibitor aprotinin (70 KIU/mL) reduced this
residual activity to approximately 8% of controls.

A similar situation was obtained with alteplase in which 72%
inhibition was obtained with excess argatroban (Fig 7). In this
case, plasmin generated in plasma accounts for approximately
10% of the residual activity (Table 3). However, because fibrin
is well-known to increase the catalytic efficiency of tissue-type
plasminogen activatd#, it is likely that the increased plasmin
generated in clotted plasma contributed to the residual activity.
Consistent with this postulate, permeating aged/alteplase-lysed
plasma clots with aprotinin alone reduced the total activity by
25%, and the combination of aprotinin and alteplase reduced it
by 79%.

DISCUSSION

In summary, data presented here have shown argatroban to be
an effective inhibitor of thrombin bound to aged fibrin clots and
aged plasma clots, as well as thrombin released from aged
plasma clots by thrombolysis. By addressing both clot age and
thrombolysis as key experimental variables, this study has
expanded the description of argatroban as a potent inhibitor of
clot-bound thrombir.First, let us examine the clot age issue in
more detail, starting with the observation that, in a clot
permeation model, argatroban exhibited similagli@arameters
for inhibition of thrombin bound to fibrin clots aged 0.5, 3, or 6
hours (2.0+ 1.0 umol/L) and that argatroban inhibited 8526
6% of the thrombin activity present in these aged fibrin clots
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Table 3. Argatroban Inhibition of Thrombin Present in Aged Plasma Clots Lysed With Streptokinase or Alteplase

Maximum Activity Maximum Inhibition Plasmin Activity No. of
Clot Age (h) (mOD/min) ICs (umol/L) (% control) (% control) Donors
A. Plasma clots—aged and lysed with streptokinase
3 51 +14 0.83 = 0.15 70 =2 3811 3
6 61 =29 0.45 = 0.23 718 38=*0 2
B. Plasma clots—aged and lysed with alteplase
3 98 =24 0.78 = 0.11 74 £ 6 8+2 2
6 81 +11 0.68 = 0.11 70+1 9+1 2
C. Control aged plasma clots
3 29 + 13 0.64 = 0.09 95 +4 — 4
6 22+*9 0.70 = 0.15 94 +3 — 4

Thrombin activity present in aged plasma clots, treated with streptokinase or alteplase, was determined with the clot permeation assay, as
described in the text and legend to Figs 6 and 7. Average (=SD) of results from plasma samples obtained from a series of individual donors is
presented. The maximum activity, ICs;, and maximum inhibition parameters were determined by nonlinear regression analysis of each
argatroban inhibition data set, as described earlier. The plasmin activity was determined with plasma samples (ie, no thrombin added) to which
thrombolytic agent was added, and the results are expressed as a percentage of the thrombin activity present in clotted plasma treated with the
same agent.

(Table 1). This study has also shown that argatroban inhibithiave direct physiological/therapeutic relevance. For example,
virtually 100% of the clot-bound thrombin when delivered to the clot permeation model may reflect the difficulty inherent in
aged fibrin clots by a pressure-driven perfusion process (Fig 2)delivery of argatroban to a partly occluded thrombus, in which
Additional permeation experiments demonstrated that thehe inhibitor must penetrate the clot from the blood that flows
ICso values for argatroban inhibition of thrombin bound to nearby, driven by a combination of convection and diffu-
plasma clots (Table 2) were independent of clot age, averagingion37-38 A mathematical solution to the appropriate diffusion
4.4+ 2.8 umol/L and 3.6 2.3 umol/L, for clots aged 3 and 6 equations indicates that a small molecule such as argatroban
hours, respectivelyR = .2). Because the lg parameter is  should be able to effectively penetrate a fibrin clot and that
sensitive to the total thrombin concentratfrthe threefold to  diffusion alone can increase the argatroban concentration at the
fourfold increased thrombin activity generated in plasma cammid-depth of a clot to approximately 75% of that free in
probably explain why nearly twofold higher dgvalues re-  solution in a 30-minute perio®:*°On the other hand, the clot
sulted with plasma clots, compared with fibrin clots. However, perfusion model can mimic the more direct delivery of argatro-
argatroban concentrations greater than 30 pmol/L blockedan when the pressure building up behind a fully occluded
nearly all this plasma clot-bound thrombin, in that 8696% of thrombus forces plasma directly, but slowly, through the
the thrombin activity in 3-hour aged plasma clots and 8t% interstices of the thrombui§:4
12% of that in 6-hour aged plasma clots was inhibited by a brief This study has also shown argatroban to be an effective
argatroban permeation. Some of the residual argatrobannhibitor of thrombin present in aged plasma clots treated with
insensitive amidolytic activity may be due to other serine either streptokinase or alteplase. This point has been explored in
proteases that are known to cleave the chromogenic substratietail with a variation on the plasma clot permeation system,
S-2238. However, this particular substrate was chosen becausme in which aged clots were incubated with therapeutic
it displays the highest available selectivity for thromkin. concentrations of streptokinase or alteplase to induce lysis,
Based on the observations reported here that argatrobdpefore permeation with argatroban and determination of the
displayed similar inhibition profiles with fibrin clots and in clot-associated thrombin activity. As shown in Table 3, the
clotted plasma, it appears that moderate changes in clgpartial clot lysis induced by both thrombolytic agents increased
structure do not have a large influence on argatroban’s antithronthe total available thrombin activity, yet argatroban still inhib-
botic effects. SEM and morphometric analyses have showiited this thrombin with 1G, values less than 1 umol/L. In fact,
some interesting differences between the purified system clotthere were no significant difference® £ .5) between the 16
and clotted plasma used in this study. In particular, the fibrinvalues obtained in this plasma clot lysis/permeation assay
clots were composed of smaller fibrin strands 7211 nm), between argatroban inhibition of thrombin bound to aged, intact
compared with 28@ 50 nm for PRP clots and 190 80 nmfor ~ plasma clots, and thrombin bound to and released from plasma
PPP clots. However, all of these clots exhibited an openclots lysed with streptokinase or alteplase. Clot age was also not
architecture with distances between network branchpoints (fibea factor in these argatroban inhibition profiles, because similar
cross-over connections) in the range of 300 to 1,000 nm. TheskCsy values resulted with clots aged 3 or 6 hours before
observations can explain why both fibrin and plasma clots werdreatment with thrombolytic agenP(> .1 for SK; P > .4 for
readily permeated with low molecular weight molecules such aslteplase).
argatroban and S-2238, whose sizes are small compared with The observations presented here, namely that argatroban
these fiber dimensions. SEM also demonstrated that permeaticgffectively penetrates aged clots and inhibits the procoagulant
of both fibrin and plasma clots did not cause any significantactivity of clot-bound thrombin, as well as thrombin released
alterations in clot morphology (as evidenced by the panel offrom these aged clots by treatment with thrombolytic agents,
micrographs in Fig 3 and the morphometric data in Fig 4). may be relevant to its emerging clinical applications in the
Both the permeation and perfusion models described here cameatment of ischemic heart disease. Results from the recently
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