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Introduction

Mammalian blood contains an enzymatic system capable of
dissolving blood clots, which is called the fibrinolytic enzyme
system. Observations on the liquefaction of clotted biood and the
enhancement of fibrinolysis in vitro and in vivo date from the 18th
and 19th centuries. Whereas clotted whole blood normally dpes
not lyse spontaneously, blood obtained from patients or animais
after sudden death or major surgical operations may either be
incoagulable or dissolve spontanecusly {1-4). The fibrinoiytic
potential of normal blood may be increased in vitro by treatment
- of serum with chloroform (5) or by addition of culture fluid from
certain strains of hemolytic streptococei (6).

Most of the components of the f{ibrinolytic enzyme system
(Table 1) have been identified between 1930 and 1950. The
highlights of this evolution will be briefly summarized. A more
extensive review has been given by Astrup (7) and by Fearnley
(8). In 1941 Milstone (9) showed that lysis of fibrin by the
streptococcal substance described by Tillet and Garner in 1933
(6) depended upon 2 “lytic factor’ present in human serum, and
Kaplan (10) and Christensen {11) found that this lytic factor was
an ¢nzyme precursor which was converted to an active enzyme by
the bacterial fluid. The precursor was called plasminogen,, the
enzyme plasntin and the streptococcal factor streprokinase (12). In
1947 Astrup and Permin (13) showed that animal tissues contain
an agent which car activate plasmiriogen. This factor was origi-
nally called fibrinokinase but at present the name tissue activator
of plasminogen is generally accepted. It was also demonstrated in
1947 that blood contains substances which inhibit the fibrinolytic
process. Inhibitors of plasmin are celled anriplasming and
inhibitors of plasminogen activators antfactivators, Mactarlane
and Pilling (14) found fibrinolytic activity in urine and Williams
(15) demonstrated that this was due to the presence of a
plasminogen activator which is now called urokinase. The origin
of fibrinolytic activity in the blood has been much debated. The
fibrinolytic agent present in the blood after exercise, venous
occlusion, stress or in postmortem blood was shown to be a
plasmainogen activator (16), which is now called blood plasmino-
gen activator or vascular plasminogen activator since it appears to
originate from the vascular endothelium. Evidence is accumulat-
ing that the plasminogen activators from the vascular wall and
from tissues are similar or identical, but that they are different
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from urokinase (17-19). The physiological importance of this
plasminogen activator has been inferred from the association
between low blood fibrinolytic activity and thrombotic or
atherosclerctic disease (20-26). Alternatively, plasminogen
activator activity may be induced in blood by contact activation of
Hageman factor (27). This humoral plasmincgen activation
requires the presence of other proteins, one of which has been
termed Hageman factor cofactor (28). A pathway for plasminogen
activation requiring Hageman factor, high molecular weight
kininogen, prekallikrein and contact activation has been identified
(29-31). Even more complicated pathways of humoral plasmino-
gen activation have been proposed (32). The physiclogical role of
these pathways in the removal of fibrin remains speculative,
although patients with recurrent deep vein thrombosis have been
described in whom an acquired antibody to factor XII was the
only detectable defect (33)., The main pathways for fibrinolytic
activation are summarized in figure 1.

Several inhibitors of plasminogen activators occur in human
plasma. Cl-inactivator appears to be the main inhibitor of
plasminogen activation through the Intrinsic pathway (34),
Hedner has described.an inhibitor of urokinase-induced fibrinoly-
sis (35). Later work by the same group (36) however indicated

Table I Survey of components of the fibrinolytic system

Plasminogen proenzyme torm of the fibrinolytic snzyme
Plasmin active fibrinolytic enzyme
- Tissue activator of enzymes pressnt in tissues which convert plas-

plasminogen minogen to plasmin; may be identical or similar
1o blood plasminogen activator and to vascular
plasminogen activator

Vascular plasminogern  plasminogen activator present in endothelial

activator colls

Blood plasminogen plasminogen activator present in blood, most

activator likely identical to vascular plasminogen
activator

Straptokinase streptococeal protein which activates the fib-
rinolytic systom in human plasma

Urokinase plasminogen activator isolated from urine or
kidney cell cultures; different from tissue
activator

Hageman factor

Hageman factor plasma proteins involved in intrinsic plasmino-

gml ccuiar gen activation; Hageman factor cofactor and

weight Kininogen prekallikrein may be identical

Prekallikrein

Antiactivators goneral designation for inhibitors of plasmino-
gen activation

Aitiactivator in blood  inhibitor of vascular plasminogen activator in

_ bload; its existence is doubtful
Aantiplasmins general designation for plasmin inhibitors
;- Antiplasmin specific fast-reacting plasmin inhibitor in human

plasma
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that this inhibitor did not inactivate urokinase in a purified
system, but inhibited factor XIIa. Antithrombin IIT in the pre-
sence of heparin (37) inactivates activated Hageman factor. o;-
Macroglobulin inhibits kallikrein and may thereby play a role in
the regulation of intrinsic fibrinolysis (38).

The presence in plasma of inhibitors of vascular plasminogen
activator forming a complex which dissociates in the presence of
fibrin has been postulaied already in the 1950's (39) and alzso in
more recent studies (40) but the evidence for the existence of such
a specific inhibitor can at best only be regarded as preliminary
(41).

Work by three independent groups (42-44) has revealed the
existence of a specific, fast-reacting plasmin inhibitor in human
blood, for which the designation «,-antplasnin was suggested by
the Task Force on Nomenclature and Standards of Inhibitors of
Coagulation and Fibrinolysis (45). In retrospect, it appears thata
fourth group probably had identified the same inhibitor (46). This
inhibitor appears to be the main physiological inactivator of
plasmin while o;-macroglobulin reacts siower with plasmin and
serves as a second line inhibitor (42, 44, 47). The other plasma
proteinase inhibitors do not seem to play a role in the inactivation
of plasmin formed in blood (42, 44, 47-49).

The fibrinolytic system plays a role, not only in the removal of
fibrin from the vascular bed but also in several other biological
phenomena such as tissue repair (50), malignant transformation
(51), macrophage function (51), ovulation (52) and embryo
implantation (52). In the present review we will however only
deal with the role of the fibrinolytic system in thrombolysis.

Main Components of the Fibrinolytic Systam
Plasminogen

Physicochemical and turnover properties. Human plasminogen
is a single chain glycoprotein with a molecular weight of about
90,000, containing about 2 percent carbohydrate. The complete
primary sequence of the molecule, represented in fig, 2, has been
elucidated mainly by Magnusson’s group (53, 54) and by Wallén
and Wiman (55} although small contributions have been made by
several other groups. The plasminogen molecule consists of 790
(54) or 791 (55) amino acids, it contains 24 disulfide bridges and
five homologous triple loop structures ot “kringles”(54). In the
following discussion, the numbering system proposed by Magnus-
son’s group will be used {54), sincs it most probably is the correct
one,

Native plasminogen has NH,-terminal glutamic acid (“Glu-
plasminogen”) but is easily converted by limited plasmic digestion
to modified forms with NH,-terminal fysine, valine or methionine
(56, 37), which are commonly designated “Lys-plasminogen’.
This conversion occurs by hydrolysis of the Arg 67-Met 68, Lys
76-Lys 77 or Lys 77-Val 78 peptide bonds.

The method of choice for the purification of human plasmino-
gen is affinity chromatograpity on insolubilized lysine, a method
introducad by Deutsch and Mertz (58). The Glu-plasminogen and
Lys-plasminogen forms can be separated by chromatography on
DEAE-Sephadex (57}, The hydrodynamic properties of both
types have been summarized and discussed elsewhere (55).

The Glu-plasminogen occurring in human blood displays at
least two types of microheterogeneity. Affinity chromatography
on lysine-Sepharose using gradient slution with 6-aminchexanoic
acid separates plasminogen in two fractions, called type I and
type II in the order of their elution from lysine-Sepharose (59).
The first form appears more scasily activatable than the second
form and has a larger Stokes radius as evidenced by gel filtration
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(60). Differences in carbohydrate and amino acid composition
have been invoked to explain this heterogeneity (60, 61). Each of
these two fractions can be separated in about six forms with
different isoelectric points by isoelectric focusing (56, 62) or
chromatography on DEAE-Sephadex (60). These forms show
differences in sfalic acid content. All twelve molecular forms
appear to be present ia single donor plasmas (69).

The turnover of both Glu-plasmingen and Lys-plasminogen
labelled with radiciodine was studied in normal humaas (63, 64).
Whereas Glu-plasminogen had a piasma half-life of 2.24 *+ 0.29
days and a fractional catabolic rate of 0.55 £ 0.10 of the plasma
pool per day, Lys-plasminogen disappeared with a half-life of
about 0.8 days. The two forms of Glu-plasminogen with different
affinity for lysine-Sepharose have similar turnover characteristics
in man (63, 64). The turnover of plasminogen was found to be
increased during reptilase (Defibrase®) treatment, in patients
with cirrhosis and in several clinical conditions associated with
intravascular coagulation (63, 64). '

Activation to plasmin. Lys-plasminogen forms are converted to
plasmin by cleavage of a single Arg-Val bound {65) corresponding
to the Arg 560-Val 561 bond, The two-chain plasmin molecule is
composed of a heavy chain or A-chain, originating from the NH;-
terminal part of plasminogen and a light chain or B-chain
constituting the C-terminal part (66). The B-chain was found to
contain an active site similar to that of trypsin, composed of a
histidine residue sensitive to tosyl-lysine chloromethyl ketone and -
a serine residue reactive towards diisopropyl-phosphofiuoridate
(66). Tt appears that the active site of plasmin is composed of
His 602, Asp 6435 and Ser 740 {34},

Activation of Glu-plasminogen to plasmin by urokinase in
purified systems occurs about 20 times slower than activation of
Lys-plasminogen (67-69), but in either case Lys-plasmin is
formed. Rickly and Otavski (70) demonstrated the release of an
amino-terminal peptide from human plasminogen by urokinase.
Wiman and Walién (71) initially proposed that activation of Glu-
plasminogen occurs in two steps: release of the NF,~terminal
“preactivation’ peptide mainly by cleavage at Arg 67-Met 68
vielding Lys-plasminogen, followed by cleavage of the Arg 560-
Val 561 bond to generate plasmin, However, when activation is
cartied out in excess plasmin inhibitor (72, 73), inhibited Glu-
plasmin is obtained. In view of the great sensitivity of the Arg 67-
Met 68 bond to plasmin it was nevertheless suggested that the
major pathway for activation of plasminogen still is via Lys-
plasminogen generated by plasmic cleavage of Glu-plasminegen
(68, 73). Activation of Glu-plasminogen in the presence of the
physiological plasmin inhibitor a,-antiplasmin however generates
inhibited Glu-plasmin (74). Recently Thorsen and Miillertz (75)
studied the activation of plasminogen by urokinase in plasma, and
found that formation of fibrin resulted in an increased rate of
activation associated with the appearance of a component migrat-
ing as Lys-plasminogen on polyacrylamide gel electrophoresis in,
acid-urea, The exact mechanism of activation of plasminogen in
vive thus remains unsettled.

The kinetics of the activation of human plasminogem by
urokinase or by sireptokinase-plasminogen compiex have been
studied by several authors and most extensively by Christensen
(76} and by Wohl et al, (77). The activation obeys Michzelis-
Menten kinetics with Ky, values of 1 to 40 uM and k,,, values of

- 0.26 to 26 s™L, Activation of Lys-plasminogen by streptokinase

(77) or urokinase (76) appears to be 3 to 10 times faster than that
of Glu-plasminogen. The presence of fibrin not only appears to

"accelerate the activation of plasminogen by tissue activator (17,

78) but also — to a smaller extent - by urokinase (75, 78). The
kinetic data obtzined in purified systems can therefore not as such
be extrapolated to the in vivo situation encountered during
thrombolysis, ’



Lysine-binding sites. The plasminogen molecule contains struc-
tures, called lysine-binding sites which interact specifically with
certain amino acids such as [ysine, §-amino-hexanoic acid and
trans-4-aminomethyicyclohexane-1-carboxylic acid. Plasminogen
contains one binding-site with high affinity for 6-aminohexanoic
acid (K = 9 uM), and about four with low affinity (K, = 5 mM)
(79). These lysine-binding sites are located in the plasmin A-
chain (80). One site is located in-the fourth triple loop structure or
kringle (residues 354~439) and at least one in the first three triple
loog structures (residues 79-337/353) as shown by their affinities
to Lys-Sepharose, whereas the Low-M,-plasminogen (residues
442-790) has no affinity for Lys-Sepharose (53).

Plasminogen can specifically bind to fibrin through its lysine-
binding sites. It has been found in purified systems (81) and in
plasma (82) that Lys-plasminogen has a higher affinity for fibrin
than the intact Glu-plasminogen. The differences in binding of
Glu-plasminogen and Lys-plasminogen to fibrin might be due to
an intramolecular interaction of one of the lysine-binding sites
with a specific site in the NH,-terminal region of Glu-plasmino-
gen (83) which is no longer present in Lys-plasminogen. The
presence of S-aminchexanoic acid abolished the adsorption of
plasminogen to fibriit both in the purified (81) and in the plasma
system (32). These tindings indirectly indicate the importance of
the lysine-binding sites in plasminogen for the interaction with
fibrin. More direct evidence has been obtained by affinity
chromatography of plasminogen and plasminogen derivatives on
fbrin-Sepharose (84). Thus, it is concluded that one of the
functions of the lysine-binding sites in plasminogen is to mediate
its interaction with fibrin, .

As will be discussed below, the lysine-binding sites of plas-
min(ogen} also mediate its interaction with a,-antiplasmin,

Plasminogen Activators

As illustrated in figure 1, plasminogen activation may occur by
three different pathways: an intrinsic or humoral pathway in
which all components involved are present in precursor form in
the blood, an extrinsic pathway in which the activator originates
from tissues or from the vessel wall and is released into the biood
by certain stimuli or trauma, and an exogenous pathway in which
the activating subatances streptokinass. or urokinase may be
infused for therapeutic purposes. All plasminogen activators
studied so far exert their action through hydrolysis of the Arg
560-Val 561 bond in plasminogen, - '*

Intrinsic fibrinolysis, The present knowledge on the pathways
of intrinsic plasminogen activation has recently been reviewed
(85, 86). Intrinsic activation of plasminogen may occur by one or
more pathways involving factor X1t (Hageman factor), prekalli-
krein (Fletcher factor), high molecular weight kininogen (Fitz-
gerald factor) and possibly other components. The exact mechan-
ism of this activation as weil as its biological role remain however
unknown.

Tissue plasminogen activator, vascular plasminogen activator
and blood plasminogen activator. Plasminogen activators are
present in many organs, tissues and secretions (87); their extrac-
tion from tissues usually requires harsh conditions such as 1 M
KSCN or 0.3 M acetate at acid pH. Highly purified activator
preparations were obtained from pig heart (88-90), hog ovaries
(91) and human uterus (19). These activators appear to be serine
proteases with a M, of approximately 60,000 composed of two
disulfide-linked polypeptide chains. Immunological cross-reacti-
vity between these three types of activator but not with urokinase
has been reported (19, 88-90). Plasminogen activator has also
been partially purified from postmortem vascular perfusates (92,
93) or from postexercise blood (94).
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Althouh a strict comparison of highly purified materials has not
yet been made, it is very likely that the plasminogen activator

found in biood represents released vascular plasminogen activator

and that these activators are similar or identical to the tissue
activator, but different from urokinase.

Apn important property of the blood-vascular-tissue type of
plasminogen activator is its high affinity for fibrin (16, 39), which
has been used for its isolation (17). Tissue activator is a relatively
poor plasminogen activator in pure systems but fibrin strikingly
stimulates the activation (17, 78).

Plasminogen activator, released in the plasma by nicotinic acid
injection in normal subjects has a half-life in vivo of approxi-
mately 15 minutes (95, 96).

The physiological importance of extrinsic plasminogen
activators has been inferred from the association between low
blood fibrinolytic activity and thrombotic or atheroselerotic
disease (20-26).

Exogenous piasminogen activators: urokinase and streptokin-
ase. Urokinase is a trypsin-like protease isolated from human
urine or cultured human embryonic kidney cells. It may occur in
two molecular forms designated S, (M, 31,600) and 8, (M,
54,000), The former probably is a proteolytic degradation pro-
duct of the latter. Urckinase differs from the vascular or tissue
plasminogen activator both in its antigenic charactsristics (19,
84-87) and in its enzyme specificity, particularly with respect to
the activation of fibrin-associated plasminogen (17, 78). The
concentration of urokinase in urine is approximately 6 CTA units
per mi. The half-life of urokinase in the biood following intraven-
ous injection is approximately 10 min (97). Urokinase has
extensively and successfully been used for thrombelytic therapy
but its exact place in the management of the several clinical forms
of thrombosis rernains to be further established (98-100).

Streptokinase is a non-enzyme protein with a M, 47,000,
produced by Lancefield group C strains of B-hemolytic strep-
tococci, which activates the fibrinolytic system indirectly (101).
Streptokinase forms a 1:1 stoichiometric complex with plasmino-
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gen or plasmin and thereby coaverts the inactive proenzyme as
weil as the enzyme into an efficient plasminogen activator. The
properties and mechanism of action of streptokinase have been
reviewed in detail (102). We have recently studied the kinstics of
the streptokinase-human plasmin reaction (103): the complex has
a dissociation constant of 5X10™'! M and is formed with a rate
constant of approximately 3 %107 M~!s~!, which indicates that
the compiex is strong and that it is extremely rapidly formed.

Streptokinase is at present the most widely used thrombolytic
agent because it is easier to obtain and far less expensive than
urokinase; it is however antigenic in humans and may producs
pyrogenic or toxic side effects. Although Streptokinase is used for
thrombolysis since twenty years its optimal dose regimen and
exact place in the treatment of thromboembelic disease are still
debated (100).

Inhibitors of Plasminogen Activators

Our knowledge on the inhibition of plasminoger activators is
still very preliminary in spite of sxtensive research efforts. The

slow progress in this field is partly due to the fact that clot lysis .

assays for the detection of activator inhibitors are also very
sensitive to the presence of plasmin inhibitors which renders the
unequivocal identification of the level at whick inhibitors act often
difficult.

Inhibitors of intrinsic plasminogen acrivation. Several inhibitors
of intrinsic plasminogen activation occur in human plasma, C,-
inactivator (34}, an inhibitor of factor XlIIa-induced fibrinolysis
(35, 36), heparin-antithrombin I complex (37) and ay-macro-
globulin (38), Since the physiological role of the intrinsic fib-
rinolytic pathway is not established, the role of these inhibitors in
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Fig.2 Primary structure of human plas-
minogen, Adapted from ref. 54 and ref. 55

the regulation and control of fibrinolysis thus remains entirely
speculative. .

Inhibitors of extrinsic plasminogen activation. The presence in
plasma of inhibitors of extrinsic plasminogen activators forming a
complex which dissociates in the presence of fibrin has been
postulated already in the 1950s (39) and also in more recent
studies (40), The formation of a reversible activator-activator
inhibitor complex which dissociates in the presence of fibrin has
been invoked to expiain the rapid lysis of fibrin in plasma and the
resistance of fibrinogen to degradation by plasmin (39). The
enhancing effect of fibrin on the plasminogen activation may
however be explained by adsorption of activator and plasminegen
to its surface facilitating activation (17, 78, 104). The evidence for
the existencs of a specific inhibitor of extrinsic plasminogen
activators in plasma, forming a reversibie complex can thus at best
be regarded as prelimirary (41).

There is good evidence that 2 significant amount of extrinsic
plasminogen activator released in the blood is cleared in vivo by
mechanisms other than neutralization by plagmatic inhibitors.
Indeed, whereas plasminogen activator, released in the plasma by
nicotinic acid injection in normal subjects has a half-life in vive of
approximately 15 min (95, 96), its half-life in plasma in vitro is
approximately 75 min (95}, as measured with clat lysis assays.

Inkibitors of exogenous plasminogen activation. Human plasma
contains antibodies directed against streptokinase, which most
probably result from previous infections with beta-hemolytic
streptococci. The amount of streptokinase antibodies varies over
a wide range amongst individuals. Verstraete et al. (105) found
that 352,000 units of streptokinase were required to neutralize
the circulating antibodies in 95 percent of a healthy population,
but that the individual requirements ranged between 25,000 and
3,000,000 units. Since streptokinase reacts with antibodies and is
thereby rendered biochemicaily inert, sufficient streptokinase



.emr. 0t the interaction between plas-

must be infused to neutralize the antibodies before fibrinolytic
activation is obtained (106). A few days after streptokinase
injection the antistreptokinase titer rises rapidly to 50 to 100
times the preinfusion value and remains high for 4 to 6 months,
during which renewed treatment is impracticable. Administration
of corticostercids commonly is used as adjuvant to streptokinase
to prevent allergic side-reactions. The streptokinase-plasmin(o-
gen) activator complex is virtually unreactive towards a,-antiplas-
min (103),

The mechanism of urokinase inhibition in blood is poorly
known. Urokinase inhibitor assays based on clot lysis are strongly
dependent on the presence of plasmin inhibitors and are therefore
in no way specific. Assayed with clot lysis methods, the half-life of
urokinase in vivo is 9 to 16 min but in vitro 27 to 61 min (97),
suggesting that clearing of the enzyme from the blood plays an
important role. a;-macroglobulin (107), a,-antitrypsin (108),
antithrombin III (109) and a;-antiplasmin (43) all inhibit urokin-
ase slowly.

Inhibitors of Plasmin

az-Antiplasmin, the physiological plasmin inhibitor of plasma.
In 1975 we discovered a new plasmin ichibitor in human plasma
{110, 42), which was independently identified by two other.
groups (43, 44) and most probably also by a third group (46).

az-Antiplasmin is a single chain glycoprotein with M, 70,000
containing approximately 13 percent carbohydrate (43, 111). The
inhibitor is immunochemicaily different from a,-antitrypsin, a,-
macroglobulin, ¢ -esterase inhibitor, antithrombin III, a,-anti-
chymotrypsin and inter-a-trypsin inhibitor (43, 44, 47, 110, 111),
and from the inhibitor of plasminogen activation described by
Hedner (112).

a-Antiplasmin forms a very stable 1: 1 stoichiometric complex
with plasmin, which is devoid of protease or esterase activity (43,
44, 111}, Complex formation occurs by strong interaction be-
tween the light-(B)-chain of plasmin and the inhibitor. The
physiological role of ay-antiplasmin as an inhibitor of proteases
other than plasmin sesms negligible (113, 114).

‘The reaction between plasmin and o,-antiplasmin proceeds in
at least two steps: a very fast reversible second corder reaction
followed by a slower irreversibie ﬁrst order reaction (115, 116)
and may be represented by:

ky k, .

P+ A = PA -»PA’

. kg
The rate constant k, at pH 7.5 is 3.8X 107 M~1s~! and 1.8 X 107
M~1s~ for the two plasmin forms which have different affinities
for lysine-Sepharose (116). This reaction rate is one of the fastest
so far described for protein-protein interactions and is one order
of magnitude higher than the reaction rate of trypsin with its .
inhibitors, The dissociation constant of the reversible step is
approximately 2X10~'° M and the rate constant of the second
step 4 107%s~! (116). Plasmin which has 6-aminohexanoic acid
(116) or lysine (115) bound to its lysine-binding sites or substrate
bound to its active site (116) rsacts only very slowly with «,-
antiplasmin, These findings indicate that free lysine-binding sites
and a free active site in the plasmin molecule are of great
importance for the rate of its reaction with «y-antiplasmin, As
discussed further, these interactions are probably of great import-
ance for the regulation of fibrinolysis in vivo.

Plasmin and a,-antiplasmin form a stoichiomatric 1: 1 complex
with a M, of 150,000 which upon reduction is dissociated in two
parts: an intact plasmin A-chain (M, 60,000) and a very stable
complex between the plasmin B-chain and aj-antiplasmin (M,
80,000), provided that the complex formation is performed in
excess op-antiplasmin (111). Recently we have been able to
identify and isolate a low molecular weight peptide (M, about
8,000) which is generated concomitantly with complex formation
(74). This peptide is not disulfide bonded to the complex since it
can be detected prior to reduction.

The.complex can be dissociated in 1.5 M NH,OH regenerating
up to 0.2 mol/mol plasmin activity and a modified inhibitor with a
lower M, (60,000) than the virgin inhibitor (70,000), The native
oy-antiplasmin has the NH,-terminal sequence Asn-Gin-Giu-

- Gin-Val- and the COOH-terminal sequence -Phe-Leu, while the

modified inkibitor has the same NH,-terminai sequence, but the
COOH-terminal sequence -Ala-Leu. The 8,000 M,-peptide has
the NH,~terminal sequence Met-Ser-Leu-Ser-Gly-Phe- and the
COOH-terminal sequence -Phe-Leu, suggesting that it originates
from the COOH-terminal part of o,-antiplasmin. From thess
results and by analogy with trypsin-inhibitor complexes it was
suggested that the stable complex between plasmin and a,-
antiplasmin is formed by a plasmic attack at a specific leucyl-
methionyl peptide bond in the COOH-terminal portion of the
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inhibitor. A strong, probably covalent bond is formed between
the active site seryl residue in plasmin and the carbonyl group of
this specific leucyl residue in the inhibitor. It remains unsettled
whether this bond is of tetrahedral intermediate type or an ester
‘bond (74). The interaction between plasmin and a,-antiplasmin is
schematicaily represented in fig. 3.

The turnover of '**I.labeled a,-antiplasmin was studied in
control subjects and in patients during thrombolytic therapy
(117). In the control group a,-antiplasmin had a plasma half-life
of 2.64 + 0.32 days and a fractional catabolic rate of 0.53 £ 0.09
of the plasma pool per day. During thrombolytic therapy the haif-
life shortened to approximately 0.5 days as a result of formation
of plasmin-ct,-antiplasmin complex. The long half-life of the
plasmin-q,-antiplasmin complex was confirmed by studying the
turnover of the purified compiex both before and during throm-
bolytic therapy in patients with thrombotic disease.

The normal level of c-antiplasmin is between 80 and 120
percent {mean X 2 SD) of the valye obtained for pooled normal
plasma (118~120), The concentration of a,-antiplasmin in pooled
normal plasma is approximately 1 pM (43, 44, 111), The concent-
ration may decrease to below 30 percent in severe cases of liver
disease or intravascular coagulation (118-120), but is normal in
patients with cardiovascular, renal or malignant disease. The
inhibitor i3 temporarily exhausted during thrombolytic therapy
with streptokinass (119, 121), when measured enzymatically.
Regidual antigen may however be found immunologically repre-
-senting complexed and/or degraded inhibitor (121), a,-Antiplas-
min is a weak acute Phase reactant (119), It is possible that some
of the a,-antiplasmin in plasma is inactive (44).

ay-Macroglobulin. o,-Macroglobulin  represents the slower
reacting plesmin inhibitor of plasma, and its roie seems to be to
inactivate plasmin formed in excess of the inhibitory capacity of
ay-antiplasmin {42, 44). Indeed, when the plasma plasminogen
(concentration approximately 1.5 wM) is activated, the formed
plasmin is initially primarily bound to a,-antipiasmin {concentra-
tion approximately 1 M) until after its saturation, excess plasmin
is neutralized by a,-macroglobulin, A number of reviews on the
physiology and biochemistry of a,-macroglobulin have recently
appeared (122-124),

Regulation and Comsrol of Fibrinolysis

It has been suggested (7) that the: ﬁbnnolyuc system is in a
dynamic equilibrium with the coagulntiqn system to maintain an
intact patent vascular bed. The view that the fibrinolytic system is
continuously active in vivo is supported by the finding of
plasminogen activator activity in normal blood (16, 125) and a
reduced level in patients suffering from venous thrombosis (22) or
ischemic heart dissase (21, 23). Further evidence for the role of
the fibrinolytic system iz vivo stems from the finding that
pharmacological inhibition of fibrinolysis reduces blood loss after
prostatectomy (126) or in patients with primary menorrhagia
{127), that high levels of fibrinolytic inhibitors are associated with
thrombotic disease (128, 129), that a congenital deficiency of a,-
antiplasmin resuits in a bleeding tendency (130), and that a partial
plasminogen deficiency may be associated with recurrent throm-
bosis (131). However, subjects with a partial or even a complste
congenital deficiency of functional plasminogen without throm-
bosis have been described (131). This suggests that alternative
pathways (leucocyte proteases or phagocytosis?) may also be of
significance for the resolution of fibrin.

Turnover studies with labeled components of the coagulation
or fibrinoiytic system in heaithy human subjects have -however
revealed that consumption of these components by continucus
low grade intravascular coagulation and/or fibrinolysis is either
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non-existent or very small (132, 63). We thus have to consider
that the coagulation and fibrinolytic systems are not continuously
active but designed to be activated in situ when needed for local
hemaostasis,

The regulation and control of fibrinolysis appears to occur at
several levels: release of plasminogen activator from the vascular
wall, fibrin-associated activation of plasminogen and inhibition of
formed plasmin by o,-antiplasmin.

Release of plasminogen activator, The mechanisms controlling
the release of plasminogen activator from the endothelial cells
have been reviewed recently (133). Parenterally administered
adrenaline elicits a release of plasminogen activator. This may be
due net only to interaction with peripheral adrenergic receptor
sites, presumably at the endothelial cell levei (134, 135), but
possibly also in part to the central release of vasopressin-like
substances which stimulate plasminogen activator release {136).
Vasopressin however does not appear to induce local release of
plasminogen activator when infused into a brachial artery (134).
Furthermore, there is no strict correlation between the release of
catecholamines and plasminogen activator following physical
exorcise (137) or electroshock (138) which suggests additional
control mechanisms for plasminogen activator release.

On the basis of this and other evidence Cash has speculated
that plasminogen activator release may be under neurohumoral
control (133). Higher nesurogenic centers or specific peripheral
afferent organs might stimulate the relsase of a plasminogen
activator releasing hormone (PARH) with a structure similar to
vasopressin from the neurohypophyseal region. This PARH
would constitute the major pathway for the release of plasmino-
gen activator from the endothelial cells, whereas the
catecholamine pathway would only be involved in severely
stressful situations (133),

{~ The observation that venous thrombosis i3 frequently associ-
ated with a decrmased fibrinolytic activity has stimulated the
interest in drugs which increase the synthesis and release of
{ plasminogen activator in the vessel wail. Many vasoactive drugs
such as adrenaline, nicotimic acid, histamine and vasopressin

\ enhance the fibrinolytic activity of blood but their effect is of very
| short duration (139), The biguanidines and certain anabolic

steroids such as ethylestrenol (139) or stanazolol (140} have beenr

| reported to produce long-term stimulation of endogenous fib-

, rinolysis by increasing both the synthesis and release of plasmino-
gen activator in the vessel wall (139). A combination therapy with
l phenformin and ethylestrenol was shown to significantly reduce
\the occurrence of thrombotic episodes in patients with idiopathic
recurrent venous thrombosis (141).
" Molecular mechanism of physiological fibrinolysis. The pro-
teolytic enzyme plasmin has a broad specificity, which is not very
different from that of trypsin. However, in vive the main target of
plasmin is fibrin. Several hypotheses have been put forward to
explain this specificity, Millertz (39) and Astrup (7) delineated
some of the main features of the mechanism of fibrinolysis:
actlvator is present in low concentrations bound to inhibitor in
circulating blood, but is adsorbed to and accumulates on the fbrin
surface, The effect of the inhibitors against activation and against
plasmin is reduced by the adsorption of activator and plasmin to
fibrin. The activation of plasminogen proceeds on the fibrin
surface, fibrin is lysed and activator and plasmin are reieased and
bound by their respective inhibitors, Alkjaersig, Fletcher and
Sherry (142) have suggested that plasminogen is adsorbed to
polymetizing fibrin and converted to active enzyme by activators
which diffuse into the thrombus. Plasmin would then exert its
action in an environment relatively free of inhibitors. Ambrus and
Markus (143} have proposed that plasmin-ighibitor compiexes,
formed in the circulation, dissociate in the presence of fibrin,
because plasmin has a greater affinity for fibrin than for its



inhibitors. Chesterman, Allington and Sharp (144) suggested that
the activators bind selectively to fibrin and transform plasminogen
which diffuses into the thrombus, to plasmin, During the past few
years specific interactions at the moiecular level have been
demonstrated.between the different components of the fibrinoly-
tic system which enable us to formulate a molecular model for the
regulation of fibrinolysis in vivo.

As discussed above, plasminogen can specifically bind to fibrin
through its lysine-binding sites (81-83), When plasma is clotted
with thrombin and the clot washed, about 4 percent of the
plasminogen remains specifically adsorbed to the fibrin network
and is dissociated by 6-aminohexanoic acid (82). Thus, it is
concluded that one of the functions of the lysine-binding sites in
plasmincgen is to mediate its interaction with fibrin,

op-Antipiasmin not only forms a stable complex with plasmin,
but also interacts weakly with the proenzyme plasminogen and
this weaker interaction can be used to efficiently purify a,-
antiplasmin by affinity chromatography on plasminogen-Sephar-
ose (43, 111), Elution can be performed by a low concentration of
6-aminohexanoic acid (5 mM)} indicating a specific interaction
which is mediated by the lysine-binding sites in plasminogen. The
kinetic analysis of the reaction between plasmin and «,-antiplas~

min further demonstrates that the interaction between the lysine-.

binding sites in plasmin and a corresponding site in a,-antiplasmin
is of great importance for the extreme rapidity of this reaction
(115-116).

Fibrinogen can alse inhibit the reaction between plasmin and
ay-antiplasmin through a lysine-binding site-mediated interac-
tion. The dissociation constant for this interaction was estimated
to be between 107% and 10~7 M (145). Whether the interaction
between fibrinogen and plasmin(ogen) is mainly mediated by the
same lysine-binding site which is responsible for the plasmin(o-
gen)-a,-antiplasmin interaction or by another lysine-binding site
- is at present unclear.

From the known concentrations of ay-antiplasmin {about
1 pM) and plasminogen (1.5-2.0 uM} in plasma and the dissocia-
tion constant determined for the interaction between these two
proteins (4X 10~% M) it is concluded that about 30% of the a,-
antiplasmin in the circulation is complexed with plasminogen. The
half-life of free plasmin in the circulation can thus be calculated to
be about 100 ms, assuming that the concentration of free a,-
antiplasmin is about 0.5 uM and that the concentration of free
plasmin under most physiological conditions is far lower (pseudo
first order conditions) {146). Thus @,~antiplasmin rapidly binds
plasmin in plasma, and thereby protects fibrinogen, but as soon as
plasmin is produced in excess and plasmin-oy-macroglobulin
compiex formed, fibrinogen is rapidly degraded (44, 47, 147). In
vivo, however, plasmin molecules that are actively degrading
fibrin are (presumably) inactivated at a much slower rate by ay-
antiplasmin than free plasmin since they have both their active
site and lysine-binding sites protacted from the inhibitor. The
half-life of plasmin bound to fibrin is therefore sxpected to be at
least two orders of magnitude longer (more than 10 s) than for
free plasmin (about 100 ms).

The tissue activator of plasminogen binds strongly to fibrin,
thersby efficiently activating the fibrin-bound plasminogen (17,
18, 78). In purified systems tissue activator is a poor plasminogen
activator but in the presence of fibrin its etficiency is strikingly
stimulated (17, 78). Thus, one way of reguiating fibrinolysis is at
the level of plasminogen activation localized at the fibrin surface.
The fibrinolytic process seems, however, also to be regulated at
the level of plasmin inactivation and we propose that plasmin
molecules bound to fibrin through their lysine-binding sites and
involved in fibrin degradation are protected from rapid inactiva-
tion by a,-antiplasmin (104). Since the fibrin-bound plasmin has
an estimated half-life of about 10 s, effective clot dissolution in
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vivo would also seem to require a continuous replacement at the
fibrin surface of inactivated plasmin molecules (complexed with
ay-antiplasmin) by plasminogen moleculos. These molecular
interactions are schematically represented in fig, 4,

In Vivo Findings Supporting the Molecular Model for Fi-
brinolysis. Several lines of evidence indicate that this modei for the
regulation of fibrinolysis, which was constructed mainly on the
basis of molecular interactions which were demonsirated in
purified systems, is also operative in vivo.

Certain amino acids such as 6-aminohexanoic acid or tranex-
amic acid bind to the lysine-binding sites of plasminogen. In
purified systems, the complex between plasminogen and 6-
aminohexanoic acid is much more easily activated by urokinase
than native plasminogen, most likely as a result of conformational
changes in the plasminogen molecule following compiex forma-
tion (17, 148). In vivo, however, §-aminohexanoic acid and
tranexamic acid are potent inhibitors of fibrinolysis which have
successfuily been used to reduce bleeding after prostatectomy
{126) and in patients with primary menorrhagia (127), The
apparent paradox of an enchanced plasminogen activation by
these amino acids in purified systems and their potent antifib-
rinolytic action in vivo can be explained by the fact that they
dissociate plasminogen from the fibrin surface and thereby
prevent activation of fibrin-bound plasminogen.

Repeated exhaustive physical exercise in heaithy subjects
results in the release of large amounts of plasminogen activator
into the blood but leads only to minimal plasminogen to plasmin
conversion (149). In vivo fibrin formation following infusion of
reptilage (150, 151} does not induce an increased level of
plasminogen activator in the blood but nevertheless leads to a
very marked plasminogen activation. This apparent paradox can
also easily be explained on the basis of the above molecular
model, In the absence of fibrin, plasminogen activator has a poor
efficiency; even high concentrations of activator as released by
strenuous physical exercise will not lead to significant plasmin’
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formation, In the presence of [fibrin however plasminogen
activator present in blood or released from the vascular wall will
efficiently activate fibrin-bound plasminogen (17, 78).

Plasminogen activator is continuously present in the blood of
heaithy individuals; yet, only. very little - if any — plasminogen
activation occurs (152). Intravascular coagulation on the other
hand is nearly always associated with activation of the fibrinolytic
system (153) (“secondary fibrinolysis”), even in the absence of an
increased level of circulating plasminogen activator. These obser-
vations can again be explained by the catalytic role of fibrin which
triggers and regulates fibrinolysis.

. Infusion of plasmin in vivo in amounts equivalent to approxi-
mately SO percent of the circulating ap-antiplasmin will not lead
to rapid systemic fibrinogen breakdown whereas infusion of
amounts in excess of the neutralizing capacity of a,-antiplasmin
induces rapid systemic fibrinogen breakdown (147). Infused
plasmin will indeed react extremely rapidly with ay-antiplasmin
and not induce systemic degradation of fibrinogen before the
inhibitor is exhausted and excess plasmin only slowly inhibited by
oy-macroglobulin,

Koie st al. (130) described a patient with a deficiency of o,-
antiplasmin, who presented with a hemorrhagic diathesis, Plasma-
fibrinogen and fibrinogen degradation products in serum were
however normal in this patient. These findings can also be
interpretad in the framework of the molecular model for fib-
rinolysis. The bleeding tendency of the patient would be due to
premature lysis of hemostatic plugs because due to the absencs of
oy-antiplasmin, plasmin motecules generated on the fibrin surface
of hemostatic plugs would persist much longer than their esti-
mated normal half-life of the order of magnitude of 10 seconds.
The absence of systemic fibrinogen breakdown would then be
explained, not by the fact that the other plasma protease
inhibitors compensate for the deficient a,-antiplasmin, but by the
lack of systemic plasminogen activation in the absence of fibrin
(413,

Biochemical background of thrombaolytic therapy. On the basis
of the arguments developed in the previous sections efficient
thrombolysis requires adsorption of plasminogen activator and
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plasminogen to the fibrin surface and in loco generation of
plasmin, out of reach of the fast-acting a-antiplasmin in the _
blood. Alternatively the fibrinolytic systemy might bé activated to
such an extent that the circulating a,-antiplasmin (concentration
1 pM) is exhausted, This approach is feasible since the concentra-
tion of circulating plasminogen is approximately 1.5 uM.

In the former case, systemic fibrinogen breakdown would be
minimal since circulating plasmin would be very rapidly neut-
ratized; in the latter case excess plasmin would cause excessive
systemic fibrinogenolysis.

Both approaches for therapeutic fibrinolysis have besn appl:ed
on an empirical basis. Urokinase therapy usually results in mild
fibrinolytic activation in which plasminogen is not fully activated
and q,-antiplasmin’ not depléted. Systemic fibrinogen depletion
does not usually cccur (97). Under these circumstances the
thrombolytically active substance. is.presumed to. be plasmin. .
generated on the fibrin surface and out of reach of a,-antipiasmin.
Thrombolytic schemes with high loading doses of streptokinase
result in extensive fibrinolytic activation leading to nearly com-
plete plasminogen to plasmin conversion and a-antiplasmin
depletion, with marked fibrinogenolysis (105). Under these
circumstances, plasmin formed in excess over the neutralizing
capacity of a,-antiplasmin might contribute to clot dissolution. As
judged from the clinical resuits, however, both therapeutic
regimens seem to be comparably efficient.

Improved thrombolysis might be expected with the use of
tissue activators having a better affinity for fibrin which would
ensure more selective activation of plasminogen on the fibrin
surface; such activators are however not available at present,
Alternatively it might be advantageous to increase the adsorption

* of plasminogen, thereby increasing the potential amount of in

loco formed plasmin. This approach is clinically feasible with the
infusion of Lys-plasminogen which has a higher affinity for fibrin
than Glu-plasminogen, Kakkar has obtained an increased throm-
bolytic effect with such therapy in venous thrombosis (154) and
Brochier et al, in pulmonary embolism (155). Infusion of plasmin
in doses which do not exceed the inhibitory capacity of a,-
anUplasnun is not expected to produce a significant thrombolytic
effect, since the enzyme wili be very rapidly neutralized by its .
circulating inhibitor. However, infusion of plasmin or plasmino-
gen before streptokinase (or urckinase) will increase the amount
of plasmin which can be formed in excess of the neutralizing
capacity of the a,-antiplasmin and this might contribute to
improved thrombolytic effect {156). Finally it could be helpful to
reduce the plasma fibrinogen level by infusion of snake venoms
such as Defibrase or Arvin, prior to the start of a thrombolytic
therapy. This might not only reduce the level of anticoagulant
fibrin{ogen) degradation products in the circulating blood (157)
but also reduce the concentration of the substrate fibrinogen
which competes with fibrin for plasmin formed in excess of az-
antiplasmin,

Some unresoived questions concerning the regulation and con-
trol of fibrinclysis. From the above review it appears that during
the past few years significant progress has been made in our
understanding of the mechanisms which regulate fibrinolysis, both
at the level of the release of piasminogen activator and at the level
of the molecular interactions which direct and confine the action
of plasmin to fibrin,

There is very significant evidence that deficient fibrinolysis may
contribute to the development of thrombotic and possibly
atherosclerotic disease (20-26) and some studies indicate that
long-term pharmacological stimulation of the synthesis and
release of vascular plasminogen activator might prevent throm-
bosis {141). The mechanisms responsible for the coatrol of
plasminogen activator synthesis and the physiclogical triggers for



its release in thrombotic states in man remain however largely
unknown,

The molecular interactions between plasminogen activator,
plasminogen, fibrin and «;-antiplasmin have been sufficiently well
delineated to provide a molecular model which can explain the
directed action of the fibrinolytic system towards fibrin. However,
some important problems remain unresolved such as the cause of
the resistance of more than 3 to 5 days old thrombi to lysis, the
quantitative differences in the interaction of plasminogen with
fibrin as compared to fibrinogen and the sensitivity of fibrin-
adsorbed plasminogen to plasminogen activators. It a plasma clot
system activated with urokinase, clot dissolution oniy seems to
occur after depletion of w,-antiplasmin (44, 47, 75). Yet during
thrombolytic therapy with urokinase, o-antiplasmin usually is
not exhausted. How and whether this paradox may be explained
by a continuous replacement of plasminogen and activator at the
surface of a thrombus also remainsg to be established. Another
puzzle is why tissue plasminogen activator has such a low specific
activity in the absence of fibrin and such a high specific activity in
ita presence. It is possible that the activator is revetsibly bound to
an inhibitor or to other plasma proteins and released by fibrin or it
may be that the activator is modified by fibrin, It is also possible
that the catalytic role of fibrin is exclusively due to concentration
of fibrinolytic components at its surface.

Plasmin-ay-Antiplasmin complex, an Indicator of In Vivo
Activation of the Fibrinolytic System

Activation of the librinolytic system results in the formation of
plasmin, which has a short lifespan in the blood as it is rapidly
bound to and peutralized by a,-antiplasmin. The plasmin-a,-
antiplasmin complex however (as well as the thrombin-antithrom-
bin Il complex) contains new antigenic structures which render it
immunochemically distinct from the precursor molecules (158,
159).

For the study of the occurrence in vivo and clinical relevance of
this complex, we have developed a simple latex agglutination test
for its rapid quantitation in plasma (160). In this method,
polystyrene (latex) particles are coated with purified gamma
globulins from antisera obtained after prolonged immunization
which were absorbed with the precursor proteins. The purified
complex was found to cause a clear agglutination of the particles
at a concentration of 0.1-0.2 mg per litdr, Purified plasminogen
and a,-antipiasmin were 100--500 times less reactive. Activation
of fresh human plasma with urokinase caused progressive genera-
tion of agglutinating activity up to a plasma dilution of 1/480.

Intravenous injection of streptokinase into patients resulted in
an increase of the plasmin-a,-antiplasmin complex titer to at least
1/240. The titer remained high during the first 3 h after injection
and was still raised after 24 h, indicating and confirming that the
half-life of this complex in plasma is several hours (117). Seven
out of eight patients with diffuse intravascular coagulation of
various origin had plasmin-«,-antiplasmin titers of 1/80 or 1/160
(160), Similar studies were carried out with the thrombin-
antithrombin [II complex and markedly elevated levels were
found in patients with disseminated intravascular coagulation
(161).

From these findings it was concluded that primary activation of
the fibrinolytic system in vivo, or activation secondary to in vivo
coagulation is associated with the appearance of circulating
plasmin-gq,-antiplasmin compiexes, which can be directly assayed
in plasma on the basis of their neoantigenic expression. The
measurement of plasmin-a;-antiplasmin complex may therefore
represent an index of ongoing fibrinolytic activation in vivo.

Later it was shown that the discriminatory potential of the~
hyperimmune antisera used in these earlier studies was not due to
the presence of antibodiss which are entirely specific for the
complex but to antibodies which react faster with the complex
than with its precursors (mainly the inhibitor} (162). The
development of applicable latex reagents therefore required
careful titration of the antibodies to obtain a maximal discrimina- -
tion between complex and precursors (at least 250 times), and
application of this technology on a routine base proved to be
tedious.

Recently we have applied different immunization and absorp-
tion procedures and thereby obtained antisera which in equilib-
rium competitive inhibition radioimmunoassays discriminate the
plasmin-a;-antiplasmin (and the thrombin-antithrombin 1)
complex from their precursors by at lsast a factor 100. Fig. 5
shows competitive inhibition radloimmunocassays using icdine-
labeled plasmin-o,-antiplasmin complex as ligand and the
purified complex and its precursors as competitors, It is hoped
that with these more discriminating antisera it will be possible to
develop more specific and more sensitive agsays for the determi-
nation of plasmin-o,-antiplasmin as well as thrombin-antithrom-~
bin III complexes in human blood.
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