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ABSTRACT The amount of thrombin active in vivo in the
intravascular space (blood and endothelial surface), both ba-
sally and in experimental intravascular coagulation, is mea-
sured by way of the accessibility of thrombin to intravascular
hirudin. Blood samples from pigs given intravenous !>I-
labeled hirudin contain 125I-labeled hirudin-thrombin complex
in concentrations indicative of a basal thrombin concentration
in vivo of 0.5 nmol/liter. Intravenous infusion of Salmonella
endotoxin elicits an increase in the circulating concentration of
hirudin-thrombin complex that begins within 15 min and is
20-30 times basal after 4 hr. Induction of mild intravascular
coagulation is evidenced by a modest reduction in plasma
fibrinogen concentrations. It is concluded that there is a basal
pool of hirudin-accessible thrombin in the intravascular space
that, were it free in the plasma phase, would be sufficient in
principle to sustain intravascular coagulation.

Because thrombin forms, reacts, regulates, and is regulated
and inhibited in millisecond-to-minute time scales in soluble
and in stationary phases, measures of intravascular thrombin
have remained problematic. Through proteolysis of fibrino-
gen, platelets (1), and factors V (2), VIII (3), XI (4), and XIII
(5), thrombin plays a central role in normal hemostasis and
thrombosis. Thrombin is controlled directly by antithrombin

I1I (6) and other inhibitors and indirectly through association -

with endothelial thrombomodulin and activation of protein C
(7). Indirect measures of thrombin include immunochemical
assays of fibrinopeptide A (8), prothrombin fragment 1.2 (9),
or thrombin-antithrombin complex (10). Estimates of intra-
vascular thrombin through these markers are compromised,
however, by their short or pathophysiologically variable
half-lives (thrombin-antithrombin complex, fibrinopeptide
A) and by thrombin-independent generation (11).

Hirudin, a 65-residue polypeptide from the European leech
Hirudo medicinalis, inhibits thrombin avidly (K3 = 0.2 pM
for the recombinant analog), rapidly (Kops > 10%-MLsec™?),
and stoichiometrically (12). Hirudin binds to thrombin in
solution and on cell surfaces (13, 14) but not to other plasma
proteins (12). Intravascular hirudin would be expected to
associate rapidly with intravascular thrombin to yield a
complex sufficiently stable to assay in peripheral blood
samples. An immunochemical assay for thrombin-hirudin
has been used to measure thrombin generation during septi-
cemia in pigs (15) but was insufficiently sensitive to provide
a measure of basal thrombin concentration in vivo. Con-
canavalin A, a mannosylglycan-binding lectin from the jack
bean (Canavalia ensiformis), binds thrombin complexed (or
not) with hirudin (16). Hirudin, which bears no glycan, is not
bound by the lectin. We report on the use of concanavalin
A-agarose chromatography to isolate thrombin-!>I-labeled
hirudin (**5I-hirudin) complex from plasma in yields sufficient
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to assay thrombin as '2’I-hirudin equivalents. The use of
hirudin to measure thrombin in physiological environments
was evaluated in vitro, in a perfused rat heart preparation,
and during disseminated intravascular coagulation in the pig.
Our study indicates free access of hirudin to thrombin in
solution and bound to vascular endothelium and provides a
direct measure of basal and experimentally elevated throm-
bin in vivo.

MATERIALS AND METHODS

Reagents. Recombinant (desulfato) hirudin (CGP 39393), a
gift from Robert B. Wallis (Research Centre, CIBA-Geigy
Pharmaceuticals, Horsham, U.K.) reacted stoichiometrically
with thrombin preparations when concentrations were cal-
culated by molar extinction coefficients. Porcine and rat
thrombins were purified as described (17); thrombin and
hirudin preparations were >95% homogeneous by C18 re-
versed-phase HPLC, gel chromatography, and SDS/
polyacrylamide gel electrophoresis. Porcine thrombin was
radioiodinated in chloride-free buffers by the Iodo-Gen
method (18). Bovine albumin was from ICN. HD-Hexahy-
drotyrosyl-L-alanyl-L-arginine-p-nitroanilide diacetate (Spec-
trozymeTH; American Diagnostica, Greenwich, CT) was
used as thrombin substrate. Concanavalin A-Sepharose-4B,
methyl a-D-mannoside and lipopolysaccharide from Salmo-
nella abortus equi were obtained from Sigma. SDS/
polyacrylamide radiogels were prepared with use of a
PhastSystem (Pharmacia), and autoradiographs were devel-
oped at —70°C with Kodak X-Omat film.

Animals. Retired breeder Sprague-Dawley rats (500-700 g
each) and 6-week-old Yorkshire pigs (mean weight, 7.7 kg;
range, 6.6-8.9 kg) were maintained in the institutional animal
care facility and handled according to the guidelines of the
Mayo Foundation Animal Care and Use Committee.

125[.Hirudin. Hirudin was iodinated with carrier-free
Na!®I by the chloramine-T method (19) except that the
iodination reaction was carried out in 0.3 M sodium acetate
(pH 5.5). For injection into pigs, hirudin was prepared with
a specific activity of 750-850 uCi per mg of protein (1 Ci =
37 GBq); for some in vitro experiments, 300-fold higher
specific activity was achieved by labeling =3.5 ug of hirudin
with 1 mCi of Nal?I. Labeling efficiencies were >80%, with
92-93% of labeled hirudin binding to a thrombin-agarose
column. Thrombin-'%5I-hirudin complex was prepared by
titrating thrombin while monitoring cleavage of the chromo-
genic substrate.

Concanavalin A Affinity Chromatography. Concanavalin
A-Sepharose columns (600 ul) were equilibrated in 0.5 M
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NaCl/1.0 mM MgCl,/6 mg of polyethylene glycol 6000 per
ml/0.2% sodium azide/10 mM Tris*HCI, pH 7.8. Blood was
collected in 1/9th vol of 3.8% sodium citrate/20 mM EDTA
and centrifuged immediately at 1700 X g for 10 min. Plasma
samples, unless assayed immediately, were stored at —40°C.
Plasma samples (100 ul) or buffered saline solution containing
thrombin-12°I-hirudin complex were applied to the columns,
free 125I-hirudin was removed by washing with equilibration
solvent, and thrombin-125I-hirudin complex was eluted with
200 mM methyl a-D-mannoside in equilibration solvent. The
amount of thrombin bound was calculated as molar hirudin
equivalents.

Langendorff Perfused Rat Heart Preparation. Cannulation
and perfusion of isolated hearts and the design of the mixing
sump have been described for the rabbit (20). In brief, the
aortic stump was cannulated and perfused (50 mmHg) with
Hanks’ balanced salt solution. Prior to perfusion experi-
ments, the hearts were perfused clear of blood for 6 min.
Then, the effluent from the coronary sinus was collected in
a polypropylene sump and recirculated (total vol, 7 ml) to the
aortic stump. 125I-thrombin was added to the sump to yield an
initial concentration of 7 nmol/liter and then was measured
in effluent samples by SDS/polyacrylamide gel electropho-
resis and autoradiography. Quantitative densitometry was
carried out with a video densitometer (21) calibrated with the
labeled thrombin preparation.

Infusion of Endotoxin and 125I-Hirudin in Pigs. Pigs were
sedated with 3 ml of 7:1 (vol/vol) intramuscular ketamine
(100 mg/ml) and xylazine (100 mg/ml). Repeat injections of
1 ml were given every 30—-60 min. Atropine (0.05 mg/kg) was
administered intramuscularly prior to surgery. A femoral cut
down was performed after local 2% lidocaine administration.
The femoral vein was cannulated with a no. 6 French vascular
sheath and its hub was connected via a three-way stopcock
and polyethylene tubing to a Harvard perfusion pump
adjusted to deliver 125I-hirudin at 15 uCi/hr (2.5 ugkg~Lhr-1)
together with either endotoxin (100 ugkg=1hr~?) or physio-
logical saline solution. An intravenous bolus of 30 uCi (5
ung/kg) of PI-hirudin was administered at the start of the
maintenance infusion; this provided a relatively constant
plasma concentration of 2’I-hirudin. At all times, free 12°I-
hirudin was in 2- to 10-fold excess of thrombin-bound 123]-
hirudin. Blood samples were drawn through the intravenous
sheath after complete clearance of the tubing between stop-
cock and intravascular space. After a baseline blood sample
was obtained, infusions (endotoxin or saline) were started
and samples were obtained after 15, 30, 60, 90, 120, 150, 180,
and 240 min, unless the pigs died prematurely. At the end of
the experiments, pigs were killed with pentobarbital.

Intravascular Clearance of the Thrombin-Hirudin Com-
plex. Thrombin-125I-hirudin complex was formed by titrating
thrombin with hirudin in Tris'HCl-buffered saline as de-
scribed above. To ensure the absence of free 125I-hirudin,
thrombin-hirudin complex was formed in excess thrombin,
confirmed by cleavage of specific thrombin substrate. Pigs
were prepared as described. Rats, anesthetized with 30 mg of
intraperitoneal ketamine, were sampled via an intracarotid
cannula. Thrombin-1%I-hirudin complex (3-5 uCi) was in-
jected as intravenous (pigs) or intraaortic (rats) bolus and
blood was sampled over 4 hr to measure plasma radioactivity.

Fibrinogen. Fibrinogen was measured in citrated EDTA
plasma by slight modification of the procedure described by
Morrison (22), with use of 6-aminohexanoate (1.3 mg/ml) in
0.017 M imidazole/0.1 M NaCl, pH 7.4, and biuret reagent as
the colorimetric indicator.

Statistical Methods. Linear regression and Pearson’s cor-
relation coefficient were used to express the correlation
between added thrombin and recovered thrombin-1251-
hirudin in plasma. The significance of differences between
thrombin-hirudin complex at baseline and end of the infu-
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sions (endotoxin or saline control) was tested by Student’s ¢
test. To address the relationship of thrombin-hirudin com-
plex versus time over the first hour, linear regression was
used for each individual pig, with time as the predictor and
thrombin-hirudin complex as the response. Results are pre-
sented as means = SD.

RESULTS

Detection System. Initial experiments using a mobile phase
containing CaCl, (16, 23) yielded the unexpected finding that
0.3-0.5% of free 12°I-hirudin bound to concanavalin A-Seph-
arose and was partially eluted with methyl a-D-mannoside. In
citrated plasma, 10-19% of radioiodinated hirudin bound
reversibly to the methyl a-D-mannoside-binding site of con-
canavalin A-Sepharose. All plasma samples and 125I-hirudin
lots yielded the same behavior. After addition of EDTA (final
concentration, 2 mM) to the citrated plasma samples and
development of the columns without Ca?* in the mobile
phase, reversible binding of 12’I-hirudin to concanavalin A
columns decreased to the subfemtomole range and was
independent of the total amount of radiolabel added (Fig. 1).
Under these conditions, <0.1% of the applied inhibitor bound
irreversibly; this fraction, however, increased to 5% when
EDTA was omitted from the applied sample.

Because calcium ions have been regarded as important to
concanavalin A function (23, 24), the effects of omitting
mobile-phase Ca2* on desorption of thrombin and thrombin—
hirudin complex from concanavalin A-Sepharose were eval-
uated. While 5 column vol of equilibration buffer did not elute
the thrombin-hirudin complex from the concanavalin A
column (Fig. 2A), 9% of the complex was eluted between
column vol 6-10 (Fig. 2B). The residual 91% of thrombin-
hirudin complex was eluted after addition of methyl a-D-
mannoside (column vol 11-15; Fig. 2B). When the mobile
phase contained EDTA, the thrombin-hirudin complex be-
gan to desorb after 3 column vol (data not shown). For all
further experiments, calcium was omitted from the eluants
but no EDTA was added. The excellent performance of
concanavalin A under these conditions, and the earlier de-
sorption of complex from EDTA-equilibrated columns im-
plies that ambient calcium, in contrast to structural calcium
in the saccharide-binding site of concanavalin A (24), is not
arequirement for stable binding of glycoproteins to the lectin.
In contrast to the methyl a-D-mannoside eluates of free
thrombin, eluates of titrated thrombin-12°I-hirudin complex
did not clot porcine plasma (citrate plus EDTA) during 8 hr
of incubation at 37°C.
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FiG. 1. Metal ion dependence of 12°I-hirudin binding to con-
canavalin A-Sepharose. Samples (20 ul) of citrated porcine plasma
(a) or citrated plasma with EDTA (@) containing incremental
amounts of free 125I-hirudin were subjected to lectin affinity chro-
matography on 600-ul concanavalin A-Sepharose columns.
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FiG. 2. Concanavalin A chromatography of thrombin-125I-
hirudin complex. Plasma samples (100 ul; citrate/EDTA anticoag-
ulant) containing 2.7 pmol of thrombin-125I-hirudin complex and
excess 125[-hirudin were applied to concanavalin A-Sepharose-4B
columns (600 ul). After elution of free 125I-hirudin with either 5
column vol (A) or 10 column vol (B) of equilibration buffer, methyl
a-D-mannoside was added (arrows) to recover the thrombin-1251-
hirudin complex. Error bars represent SD of the mean (n = 5).

Species Differences. With recoveries measured by amidol-
ytic assay, >95% of thrombin in four porcine preparations
bound reversibly to concanavalin A, in contrast to 77% and
79% of thrombin in two rat thrombin preparations.

Assay Validation in Vitro. When tracer thrombin was added
to citrated porcine plasma containing a fixed amount of
125T.hirudin (96 fmol), the correlation coefficient between
added thrombin and #I-hirudin-recovered thrombin, within
the thrombin capacity of the hirudin (96 fmol), was r = 0.96
(P < 0.001), yielding a slope close to the theoretical line of
unity (Fig. 3, dashed line). Values for recovered hirudin-
thrombin complex reached a plateau as the amount of added
thrombin approached the available amount of 25I-hirudin
(Fig. 3). When 1%5I-hirudin was added to the plasma 10 min
after thrombin, no complex was discernible (data not shown),
in keeping with the essentially irreversible interaction of
thrombin with endogenous inhibitors in plasma (25).

Reliable recovery of thrombin from buffer or plasma in this
system requires the independence of thrombin-125I-hirudin
complex recovery from a wide range of 125I-hirudin excess.
Preformed 25I-hirudin-thrombin complex was incubated for
2 hr at room temperature in plasma containing 12°I-hirudin of
the same batch. After addition of EDTA, the recovery of
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Fic. 3. Recovery of thrombin from plasma in vitro by 125I-
hirudin. To samples (1.2 ml) of porcine plasma containing 96 fmol of
125]-hirudin, subcoagulant amounts of thrombin were added to yield
concentrations up to 131 pmol/liter. The thrombin-125]-hirudin com-
plex was recovered as shown in Fig. 2A. Dashed line indicates the
calculated line of equality between thrombin added and thrombin
recovered.
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F1G. 4. Recovery in plasma of thrombin-125I-hirudin complex in
excess hirudin. Samples of porcine plasma (citrate/EDTA anticoag-
ulant) containing 10 nmol of preformed thrombin-'25I-hirudin com-
plex per liter and a 1.2- to 20-fold excess of 125I-hirudin (light bars)
were assayed (n = S per experiment) for thrombin-hirudin complex
(dark bars).

thrombin-hirudin complex was essentially constant with
125]-hirudin in 1.2- to 20-fold excess of hirudin (Fig. 4).

Elution of Thrombin from Microvascular Endothelium. The
dissociation, by hirudin, of 12I-thrombin bound to microvas-
cular endothelium was studied with a Langendorff rat heart
preparation. Autoradiographs of SDS/polyacrylamide gels of
samples taken from the sump revealed that 125I-thrombin
taken up from the circulation (Fig. 5, lanes 2 and 3) was
released undegraded from the endothelium after addition of
hirudin (lanes 4-6). Mean recovery (four hearts) of 125]-
thrombin in the circulation was 72% and 80%, respectively,
30 and 180 sec after addition of 100 ug of hirudin to the sump.

Clearance of the Complex. In two rats, the plasma elimi-
nation half-lives were 2.5 and 3.1 hr, while the elimination
half-lives in two pigs were 3.4 and S hr.

Thrombin in Disseminated Intravascular Coagulation. Ad-
ministration of bacterial endotoxin to susceptible species is
an established model of disseminated intravascular coagula-
tion (26). The time course of intravascular thrombin gener-
ation was determined during a 4-hr endotoxin infusion in
6-week-old pigs by isolating the plasma thrombin-'25]-hirudin
complex. Normal saline was given to four age-matched pigs.
Both groups received 25I-hirudin as described. Plasma in
vivo contained excess free hirudin at all times. Of eight

F1G. 5. Vascular uptake and release of 125I-thrombin. Samples
taken from the sump of a recirculating Langendorff rat heart prep-
aration perfused with 125I-thrombin were analyzed by SDS/
polyacrylamide radioelectrophoresis. Lanes: 1, preperfusion 125I-
thrombin (7 nmol/liter); 2 and 3, sump sample 30 and 90 sec after start
of perfusion with 125I-thrombin; 4—6, sump samples taken 30, 120,
and 180 sec after addition of hirudin (100 ug).
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endotoxin pigs, three survived for the entire study period.
During the latter half of the infusion, these animals exhibited
cyanosis and difficult breathing. Mean baseline thrombin for
all 12 surgically prepared animals was 0.48 + 0.36 nmol/liter.
After the start of endotoxin, an increase in hirudin-thrombin
was observed as early as 15 min in 6 of 8 pigs. Linear
regression of first-hour values was positive (P < 0.05) in 4 of
7 animals receiving endotoxin (60-min value was not available
in 1 pig) in contrast to 0 of 4 controls. During the 4-hr
endotoxin infusion, hirudin-thrombin increased in all pigs to
reach 8.2 + 2.8 nmol/liter in the 3 pigs surviving 4 hr (P <
0.001 relative to baseline; Fig. 6A). Complex at 4 hr was 10
nmol/liter (27-fold baseline) in 1 pig. A small but significant
increase in plasma hirudin-thrombin, to 0.97 = 0.4 nmol/liter
at 4 hr, was seen in the control pigs (P < 0.001 compared to
baseline; Fig. 6A). Plasma fibrinogen concentrations initially
decreased slightly in control animals and then increased
toward the end of the experiment (Fig. 6B). In endotoxin
pigs, a transient increase in plasma fibrinogen was followed
by a persistent decrease, with values below baseline at 90
min.

DISCUSSION

The steady state mass of intravascular thrombin should, in
principle, reflect the net activity of the hemostasis system.
Intravascular thrombin can associate with substrates, throm-
bomodulin, and perhaps other (unknown) binding sites on
cells and in the bulk plasma in yet indeterminate distribu-
tions, so the formalism of concentration is not straightfor-
ward. Nonetheless, if the 0.5 nmol of basal thrombin per liter
of plasma space in vivo were all to be fully procoagulant,
fibrinogen consumption should proceed with a half-time of
=5 min (27). The conclusion that most endogenous intravas-
cular thrombin is not procoagulant is expected from the
previous finding that most exogenous thrombin associates
with thrombomodulin in vivo (28, 29) and keeps with the
finding that the thrombin concentration in freshly drawn
(human) blood is <0.05 nmol/liter (30). Because decay of
thrombin activity in vivo is held constant by a large excess of
antithrombin III (31), changes in the basal amount of active
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Fi1G. 6. Induction of intravascular thrombin by endotoxin in the
pig. Plasma samples from pigs receiving intravenous 125I-hirudin and
endotoxin (@) or physiological saline solution (A) were assayed for
thrombin-125I-hirudin complex (expressed as thrombin) (4) and
fibrinogen (B). Error bars indicate SD of the mean.
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thrombin would arise only from changes in prothrombin
activation rate.

Measurement of thrombin in vivo requires a probe that
reacts specifically, rapidly, irreversibly, silently, and in high
and reproducible yield with the enzyme in all intravascular
distributions. As an in vivo probe, hirudin provides access
and specificity toward thrombin and stabilizes the enzyme in
an inactive, essentially irreversible complex. Especially im-
portant is the rapid reaction of hirudin with thrombin bound
to microvascular thrombomodulin (Fig. 5), consistent with
the relative affinities of thrombin for recombinant hirudin
(ref. 12; K4 = 200 fM) and thrombomodulin (ref. 32; K4 =
0.5-5 nM). In contrast, Berscheid et al. (33) and we find that
plasma thrombin-hirudin complex has a plasma half-life of
several hours. Because thrombin clears in seconds to minutes
(28), the thrombin-hirudin complex detected in plasma
shortly after infusion of hirudin is a direct measure of the
exchangeable pool of thrombin bound to substrates and
thrombomodulin just prior to the hirudin infusion, irrespec-
tive of any effect, negative or positive, of hirudin on the
activity of the clotting system. Persistent intravascular ac-
cumulation of thrombin-hirudin complex in control pigs (Fig.
6A) may have been magnified by surgical preparation, pres-
ence of an intravenous catheter, and, later, by recirculation
of thrombin-hirudin complex through interstitial and lym-
phatic spaces. Continuous plasma clearance of the thrombin—
125]-hirudin complex, on the other hand, predictably dimin-
ishes the plasma accumulation rate of the complex. On
balance, therefore, overestimation of thrombin generation
was unlikely.

Neither the magnitude nor the direction of the effect of
hirudin on prothrombin activation in vivo can be deduced at
present. In vitro evidence suggests that thrombin inhibition,
by interrupting feedback mechanisms, may block thrombin
generation (34, 35). Persistent generation of thrombin-
hirudin complex in our study, however, may indicate that, in
vivo, hirudin may not abolish thrombin generation and in
principle could enhance the process by suppressing protein C
activation. Persistent formation of thrombin-hirudin com-
plex was also observed in patients with stable coronary artery
disease receiving intravenous hirudin infusion at antithrom-
botic dosages of hirudin (36). Our findings are in keeping with
those of uninhibited consumption of prothrombin during
experimental endotoxinemia, despite administration of anti-
thrombin III-heparin complex in dosages sufficient to pre-
vent conversion of fibrinogen to fibrin (37). Our observation
of increased thrombin generation within 15 min of the endo-
toxin infusion, believed to initiate thrombin generation via
expression of tissue factor and activation of the extrinsic
pathway (38, 39), underscores the immediate response of the
coagulation system in vivo and contrasts the more delayed
response in culture systems (40). The relatively simple mea-
surement of intravascular thrombin by affinity chromatogra-
phy or by ELISA of the thrombin-hirudin complex (15) has
the potential to resolve the complexities of prothrombin
activation in vivo in both experimental and clinical contexts.

Jozef S. Mruk suggested the use of hirudin to measure thrombin in
vivo. Jason Felsh prepared the Langendorff rat hearts. This work was
supported by Grants HL 17430, HL 47469, and HL 39959 from the
National Heart, Lung and Blood Institute and by the Mayo Foun-
dation (Rochester, MN).
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