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Current knowledge of the mechanisms of blood coagulation does not provide an answer fo one pivotal
question: why is, in contrast to a pathological thrombus, the growth of normal hemostatic clot after blood vessel
injury suddenly terminated? In the present paper, we summarize the results of our investigations that give an
answer to this question. We show that the surface of fibrin clot in the circulation is coated with a thin metastable
layer of fibrinogen which is not able to support adhesion of blood cells. Consequently, platelets and leukocytes,
the cells expressing adhesive integrins, are incapable of consolidating their grip on the surface and washed
away by blood flow, thereby preventing the thrombus propagation. The cells that escaped this fibrinogen shield
and reached a solid fibrin matrix use an additional mechanism — the ability to activate plasminogen bound
either to the surface of cells or to fibrin. Plasmin formed at the interface between the cells and the clot locally
degrades fibrin resulting in the fragmentation of the surface rendering it unstable, non-adhesive and therefore
non-thrombogenic. Thus, the growth of hemostatic thrombus is halted by two mechanisms, fibrinogen- and
plasminogen-dependent, both of which are based on the same principle — the generation of the mechanically
unstable, non-adhesive surface.
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he formation of a haemostatic throm-
I bus during blood vessel injury is a highly
regulated event. The process ensures that a
blood clot is sufficiently strong to seal the breach
and prevent the loss of blood, however does not
cause vessel occlusion and thrombosis. Hemostasis
and thrombosis are related events, but the former
is a normal protection from bleeding after injury,
while the latter is a consequence of a disease. And
the structure of the plug at the site of injury and
pathological thrombus is strikingly different. The
diagram (Fig. 1) shows a composition of blood
clot. It is formed mainly from aggregated platelets
and fibrin. The process starts with accumulation
of platelets at the site of injury. Tissue factor is
expressed immediately followed by activation of
thrombin and fibrin formation. In the end of the
process, the surface of the thrombus is covered with
a fibrin cap, the accumulation of fibrin reaches a
plateau and the growth of the entire thrombus is
stabilized [1—3]. Using antibody against fibrin and
platelets we could see (Fig. 2) the formation of fi-
brin layer which shields the platelet plug.

While this hemostatic process has been ex-
tensively studied for more than a century, many
questions remain. The main unanswered problem
is how the growth of hemostatic thrombus in a
high-pressure circulatory system is contained and
what mechanisms limit its propagation. It is well
known that after the fibrin clot covers the platelet
plug, only very few platelets and leukocytes stick
to its surface [4—7]. This finding is puzzling in
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light of the fact that fibrin is highly adhesive for
platelets, at least in the experiments performed
in vitro. Regardless, it seems obvious that fibrin
deposited on the surface of haemostatic clots in
vivo must not be adhesive because if not curtailed,
uncontrollable platelet adhesion can readily lead
to their activation and thrombus propagation. Ob-
viously, continuous thrombus growth would lead
to pathological thrombosis. Likewise, adhesion of
leukocytes, which are known to contain potent
fibrinolytic enzymes, must be regulated to allow
early hemostasis to proceed unchallenged until the
growth and stability of the blood clot is established.
Therefore, a proper balance between adhesive and
anti-adhesive mechanisms operating on the surface
of fibrin clots in circulation may play an important
role in the control of thrombus formation, stability,
and timely dissolution. In spite of the obviousness
of this idea, the fact that the surface of fibrin clots
in circulation is not adhesive for blood cells is un-
appreciated.

Another unresolved question is why the an-
tiadhesive mechanisms that effectively halt the
growth of normal hemostatic thrombi fail in patho-
logical situations. Hemostasis and thrombosis are
related events in that they both trigger similar mo-
lecular and cellular mechanisms; yet, thrombotic
episodes often lead to an uncontrollable growth of
blood clots resulting in vascular occlusion. Fur-
thermore, not only their outcomes vary, but it is
uncertain why the morphology of hemostatic and
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Fig. 1. Composition of normal hemostatic thrombus which is formed in response to vascular injury

pathologic thrombi is strikingly different. It is well
known that clots formed in the arterial diseases
and in deep vein thrombosis invariably manifest a
laminated structure with alternating layers of ag-
gregated platelets and fibrin enmeshed with eryth-
rocytes (so called, lines of Zahn, Fig. 3).

In this paper, we review our recent findings
that support the idea for the existence of a univer-
sal mechanism that limits uncontrolled expansion
of hemostatic clots in circulation and may be re-
sponsible for restraining their premature lysis. We
propose that a factor which determines the non-
thrombogenic nature of blood clots and also guards
their integrity in early hemostasis is the limited
adhesiveness of their surface. As such, this mecha-
nism represents a new aspect of hemostasis.

The discovery was born from a very simple
cell adhesion experiment in which fibrinogen is
used as a ligand for cellular integrins. In these as-
says, cells are added to the wells coated with fi-
brinogen or other proteins. After some time, cells
are washed away and adherent cells are counted.
We observed that when fibrinogen is adsorbed on

Top view

Bottom view

the surface at increasing concentrations, adhe-
sion of platelets and leukocytes exhibits an unu-
sual peak-like behavior (Fig. 4) [8]. Cell adhesion
is maximal at low concentrations of fibrinogen
and then sharply declines as more fibrinogen is
adsorbed on the surface. This behavior is coun-
ter-intuitive because, typically, the increase in the
density of adsorbed ligands results in the increased
adhesion. Yet, fibrinogen adsorbed at high density
is virtually nonadhesive. This abnormal behavior
is exhibited only by fibrinogen, but not by other
plasma proteins. For example, adhesion of cells to
immobilized fibronectin exhibits a normal dose-
dependent pattern (Fig. 4).

Based on the initial analyses of the “adhe-
sion peak”, we hypothesized that fibrinogen ad-
sorbed at low concentrations is attached directly to
the solid surface. Therefore, cells that engage such
molecules would adhere strongly. We further hy-
pothesized that fibrinogen adsorbed at higher con-
centrations would bind to the molecules that have
already been immobilized on the surface forming a
second, more flexible layer. Thus, these cells would

Cross-section

Fig. 2. Formation of fibrin cap on the surface of thrombus. Platelet plug was formed on collagen by plasma under
flow. The clot was labeled with fluorescent antibody against platelets (red) and against fibrin (green)
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Fig. 3. The structure of arterial thrombus consists of
alternate layers of aggregated platelets (white) and
plasma clot with captured red blood cells (red). From
http://library.med.utah.edu

adhere to the adhesive layer consisting of loosely
bound fibrinogen molecules and be less capable of
consolidating their grip on this “fake” substrate,
and detach when flow is applied.

Since fibrinogen molecules do not self-
associate in solution, there should be a trigger that
initiates this process. Indeed, fibrinogen adsorbed
on the surface undergoes conformational chang-
es and acquires the properties of fibrin [9—12].
Hence, upon its immobilization, unfolded fibrino-
gen may generate the fibrinogen-binding activity.
To characterize fibrinogen interactions, we deter-
mined the dissociation constants of its complexes
using surface plasmon resonance (SPR). Intact fi-
brinogen was coupled to the chip, and the SPR

profiles across a range of fibrinogen concentrations
flowed over the protein surfaces were examined.
No binding of soluble fibrinogen to intact fibrino-
gen was detected. However, when intact fibrino-
gen on the chip was treated with SDS or urea, it
formed a complex with intact soluble fibrinogen
with a K of 2.1 uM which was similar to that ob-
tained for the interaction of fibrinogen and fibrin
(1.47 uM) [8]. Thus, an initial contact of fibrino-
gen with various surfaces may initiate the process
of its self-assembly.

The surface of blood clots in circulation is
continuously exposed to high concentrations of
fibrinogen. It is well established that fibrinogen
forms complexes with fibrin and can self-associate
without thrombin activation, forming aggregates.
Therefore, by virtue of its ability to interact with
fibrin clots, fibrinogen can be deposited on their
surface. We found that similar to adsorption on
hard surfaces, fibrinogen deposited on the surface
of fibrin clots imparts them antiadhesive proper-
ties [8, 13]. Notably, when clots are pretreated
with soluble fibrinogen, it accumulates in a thin
superficial layer of the clot (Fig. 5A) [14]. Fig. 5B
illustrates adhesion of leukocytes to fibrin clot un-
der flow. In this experiment, cells flow through a
capillary made in the fibrin gel. While a massive
accumulation of adherent cells is observed in the
buffer, the presence of a physiological concentra-
tion of fibrinogen strongly reduces adhesion. Taken
together, these experiments led us to the idea that
adsorption of fibrinogen somehow modifies the
surfaces rendering them nonadhesive.
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Fig. 4. Adhesion of monocytic cells to fibrinogen and to fibronectin. Effect of protein coating concentration on

cell adhesion
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Fig. 5. Accumulation of fibrinogen on the surface of fibrin. Confocal image of fibrin gel incubated with the solu-
tion of fluorescent labeled (Alexa-488) fibrinogen (A). Effect of soluble fibrinogen on adhesion of monocytic cells
to fibrin under flow conditions. Suspension of calcein-labeled U937 cells with or without fibrinogen (2.0 mg/ml)

were perfused through capillary casted in fibrin gel (B)

Although attractive, the idea that immobili-
zation of fibrinogen on the surfaces results in its
self-assembly and the formation of the layer re-
quired independent experimental evidence. We
used atomic force microscopy (AFM) to demon-
strate the ability of fibrinogen to form a multi-
layer matrix and measured the adhesiveness of this
structure. Visualization of fibrinogen deposited on
the surface showed that as the concentration of
fibrinogen increases, its adsorption changes from
a monolayer, in which the molecules are clearly
discernible and attached directly to the surface,
then to the bilayer and then to the material which
has an appearance of a thick soft matrix (Fig. 6)
[15]. Using nanolithography, which is one of the
capabilities of AFM that allows us to scratch the
deposited fibrinogen material and determine its
thickness we were able to calculate the number of
layers in the fibrinogen matrix. Given that a single
fibrinogen molecule has a height of 1.2 nm [16]
and the matrix that is deposited at high concentra-
tions has a height of about 7-8 nm, we conclude
that the matrix contains approximately 7 layers.

With the data indicating that adsorption of
fibrinogen on various surfaces indeed results in its
deposition as a multilayer matrix, the question was
why the assembled multilayer is much less adhe-
sive than the monolayer. Using AFM-based force
spectroscopy, we found that there is a correlation
between the growth of the fibrinogen matrix and
its adhesiveness. As soon as fibrinogen is deposited
in the form of bilayer, its adhesiveness sharply de-
clines (Fig. 7A) [15]. The subsequent increase in
the number of layers results only in an incremental
decrease in adhesion.
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Why does fibrinogen multilayer limit cell at-
tachment? Fig. 7B and 7C show how strikingly dif-
ferent is the morphology of monocytic cells on the
fibrinogen monolayer and multilayer. In the first
case, the cells spread and adhere strongly. On the
multilayer, however, they remain round and did not
engage many adhesion sites. Scanning microscopy
of platelets demonstrate similar differences in the
cell shape when they adhere to the “naked” fi-
brin gel or the gel coated with soluble fibrinogen
(Fig. 7D and 7E) [13, 17].

This phenomenon can be explained by the
properties of adhesion receptors, integrins, which
provide a physical link between the cytoskeleton
and the surrounding matrix. Increasing evidence
suggests that integrins participate in these pro-
cesses by responding and transmitting mechani-
cal stresses across the plasma membrane. Physi-
cal forces sensed by integrins are transduced into
intracellular chemical signals which, in turn, re-
sult in changes of cell behavior. These forces are
developed during cell adhesion when integrins
engage their ligands in the extracellular matrix.
As cells attach, they pull on their surroundings,
probing the rigidity of substrates. Therefore, the
physical properties of extracellular matrices appear
to represent the main signal used by cells to probe
adhesiveness of the surface. Rigid surfaces generate
strong signals and, as a result, firm adhesion and
vice versa, the cells that engage soft matrices are
not capable to initiate sufficiently strong signaling
and attach weakly. When integrins pull on the
fibrinogen monolayer, which can be viewed as a
non-extensible rigid substrate because the fibrino-
gen molecules are directly attached to the hard
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Fig. 6. Atomic force microscopy based imaging of fibrinogen adsorbed on mica at coating concentration
0.1-1.0 ug/ml, monolayer (A) and 2-20 ug/ml, multilayer (B). Dependence of the thickness of fibrinogen layer

on coating concentration (C)

surface, this substrate does not readily yield and
this can generate strong pulling forces sufficient to
induce strong signaling leading to cell spreading
and strong adhesion. Fibrin can also be viewed as
a non-extensible substrate because all the fibers
are interconnected. In contrast, when a cell pulls
on the fibrinogen multiayer, which is basically an
extensible soft matrix, the linkages yield because
the layers separate and it prevents force generation
and activation of signaling molecules required for
cell spreading. Under applied force as it occurs in
the circulation, such cells would be easily washed
away by flow.

The explanation for this behavior was ob-
tained in the experiments in which we compared
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the force-distance curves generated on the fibrino-
gen monolayer or bilayer. One of the parameters
that can be extracted from these curves is the ad-
hesion length which is a length when the AFM
tip begins to retract from the surface but is still in
contact with the substrate. The analyses of adhe-
sion lengths demonstrated that while the fibrino-
gen monolayer is virtually non-extensible (0.1 nm)
the bilayer can be extended to 3.5 nM, suggesting
that the molecules held by weak interactions in two
layers can be separated. Thus, a simple transition
from the monolayer to bilayer initiates a sharp de-
crease in adhesion forces. Hence, the fibrinogen
bilayer represents a minimal structural unit re-
sponsible for the formation of nonadhesive fibrino-
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Fig. 7. Dependence of adhesion forces developed between the AFM tip and concentration of coated fibrinogen
(A). Visual microscopy of adherent monocytic cells that spread on monolayer of fibrinogen (B) and stay round
on the non-adherent surface of the multilayer (C). Scanning electron microscopy of adherent spread platelets
(D) and non-adherent round cells (E) on mono- and multilayer correspondingly

gen matrix. Since the concentration of fibrinogen
in the circulation is high it apparently is always
deposited as a multilayer. Therefore, the second
parameter which is useful in the characterization
of the physical properties of the fibrinogen matri-
ces is the maximal interaction length. As the AFM
tip retracts from the surface, it pulls the fibrinogen
matrix producing multiple rupture events until it
finally loses the contact with the matrix. The point
where the AFM tip loses the contact with the ma-
trix is defined as the maximal interaction length.
The interaction length for the fibrinogen multilayer
was determined to be about 60 nm, i.e. the fibrino-
gen matrix that is deposited as a 7-nm layer can be
extended up to 8-fold of its initial height under the
applied tensile force. This remarkable property of
the multilayer fibrinogen should certainly impact
integrin-mediated cell adhesion.

Indeed, the data of molecular force spectros-
copy are supported by experiments using single cell
force microscopy [15]. In these experiments, a sin-
gle cell is attached to a tipless AFM cantilever and
the optical setup allows for constant monitoring
of the cell during each approach-retraction cycle.
In our experiments, we used cultured monocytic
cells or cells transfected with leukocyte and plate-
let integrins. The surface of mica is coated with
different concentrations of fibrinogen to obtain a
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monolayer or a multilayer. The cell is brought in
contact with the fibrinogen matrix and then de-
tached (Fig. 8). The maximal forces required to
detach a cell from a substrate are again the highest
when a cell is attached to the fibrinogen monolayer
whereas the multilayer develops low adhesion
forces with cells. Thus, the combined AFM-based
strategy not only confirmed our initial hypothesis
but provided unique insights into the mechanisms
underlying the construction of the new nanoscale
biological material and origin of its potent anti-
adhesive properties. In our most recent study, we
showed that the flexible aC regions of the fibrino-
gen molecules grasp each other during the mul-
tilayer construction providing thus the molecular
basis for its self-assembly [17].

Dependence of cell adhesion on the substrate
rigidity prompted us to explore other mechanisms
that potentially could prevent cell accumulation at
the site of injury. Another plasma protein, plasmi-
nogen, interacts with fibrin, is present in plasma at
a relatively high concentration and could potential-
ly modify the surface of fibrin clots. Furthermore,
affinity of plasminogen for fibrin increases when
the surface of a clot is “nicked” with plasmin, re-
sulting in the generation of new binding sites and
strong superficial accumulation of plasminogen. In
addition, various cells, including leukocytes and
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Fig. 8. Diagram of single cell force microscopy experiment: monocytic cell is covalently bound to cantilever
and attached to fibrinogen substrate (A); bottom view (B); dependence of detachment force on the structure of

fibrinogen coating (C)

platelets, can assemble and activate plasminogen
on their surface. Similar to fibrinogen, plasmi-
nogen accumulates in a thin superficial layer of
fibrin; as a consequence, fibrin lysis is restricted
to a very narrow zone from the clot surface [18].
Therefore, it was reasonable to assume that when
blood cells contact a clot, they activate fibrin- or
cell-bound plasminogen, resulting in lysis of the
superficial fibrin layer, its fragmentation and desta-
bilization of the surface. Hence, such plasminogen
shell could potentially influence cell adhesion.

In a series of experiments, we showed that
binding of plasminogen to fibrin inhibits cell ad-
hesion and that the conversion by leukocytes and
platelets of fibrin-bound plasminogen into plasmin
is the mechanism responsible for this antiadhesive
effect [14, 19]. Furthermore, plasminogen exerts
the antiadhesive effect not only when it binds to
the surface of fibrin clots but when it has been
added to cells (Fig. 9). Since many cells, including
U937 that we used in our experiments, assemble
the components of plasminogen activation system
and the receptor for plasminogen activator uPA,
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the antiadhesive effect arises from the plasmin ac-
tivity generated by cells. Indeed, the addition of
PPACK (the inhibitor of serine proteases) to cell
suspension completely restores adhesion. In addi-
tion, tranexamic acid, which is known to interact
with lysine-binding sites of plasminogen and pre-
vents its binding to U937 cells, almost completely
abolished the inhibitory effect of plasminogen.
When fibrin gels were first treated with plas-
minogen and then washed to remove non-bound
plasminogen, inhibition of adhesion was ~90% as
compared with non-treated gels. Antiadhesive ef-
fect of plasminogen is concentration-dependent,
with an IC,; 0.5 uM which corresponds to the
range of K, values (0.3-1.2 uM) previously report-
ed for the interaction of plasminogen with fibrin
clots or with fibrin immobilized on plastic. Thus,
in both systems, when present in the solution or
adsorbed on the fibrin surface, plasminogen is ca-
pable of blocking cell adhesion due to its conver-
sion to plasmin. It is important to note that in the
latter case, activation of plasminogen takes place
at the interface between fibrin and adherent cells.
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Fig. 9. Effect of plasminogen on adhesion of monocytic cells to fibrin clots. (A) — Cell adhesion when plasmino-
gen was adsorbed on cells and added to fibrin with or without PPACK or tranexamic acid; (B) — Cell adhesion
when plasminogen was adsorbed on the fibrin clot in the presence or in the absence of PPACK or tranexamic
acid. A dotted line shows control cell adhesion in the absence of plasminogen

In addition to leukocytes, platelets adhere to
fibrin via an integrin-dependent mechanism and
assemble the components of the plasminogen sys-
tem, including plasminogen and plasminogen acti-
vators UPA and tPA. Therefore, we have sought to
examine whether activation of fibrin-bound plas-
minogen by platelets can alter their adhesion in the
same way as we observed for leukocytes. However,
coating of the fibrin gel with plasminogen did not
decrease platelet adhesion (Fig. 104). This was in
marked contrast to U937 cells, whose adhesion was
abolished by this procedure (Fig. 10B). To under-
stand the difference between adhesion of plate-
lets and that of U937 cells, we measured plasmin
activity generated during adhesion of these cells
to plasminogen-treated fibrin. Whereas plasmin
was generated by U937 cells, no activity was de-
tected with platelets isolated from the platelet-rich
plasma. However, the addition of tPA to platelet
suspension resulted in the generation of plasmin
and inhibition of platelet adhesion to plasmino-
gen-coated fibrin (Fig. 10). Also, in initial experi-
ments, we verified that resting monocytes isolated
from peripheral blood did not activate plasminogen
and adhere to fibrin gel strongly with or without
adsorbed plasminogen. But when suspension of
monocytes was pre-incubated with tPA, the loss of
monocyte adhesion coincided with the production
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of plasmin. These results indicate that monocytes
and platelets are capable of activation fibrin-bound
plasminogen to plasmin in the presence of plasmi-
nogen activators the concentration of which rises
during vascular injury and thrombus formation.

To demonstrate the effect of plasminogen
under permanent shear forces, a situation more
relevant to physiologic conditions, we used a flow
chamber consisting of a capillary performed within
the fibrin gel. Suspensions of U937 cells contain-
ing plasminogen were perfused at a flow rate be-
tween 25 and 350 sec!. After perfusion, the tubes
were flushed with the buffer to remove non-ad-
herent cells. As shown in Fig. 11, in the presence
of plasminogen, adhesion is markedly reduced. In
fact, fibrin gel perfused with plasminogen retained
only few cells.

The above experiments showed that cell at-
tachment to fibrin bound plasminogen causes rapid
generation of plasmin, which degrades the surface
of fibrin clots rendering them non-adhesive. Re-
markably, the surfaces remains non-sticky for the
second round of adhesion of U937 cells, even in
the presence of PPACK or tranexamic acid. More-
over, platelets which do not generate plasmin in the
absence tPA, also do not adhere to the “postad-
hesion” gels. These results strongly indicate that
during the second round of adhesion, plasmin per
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Fig. 10. Relationship between adhesion of platelets (A) and monocytic cells (B) to plasminogen-coated fibrin gel
and their ability to activate plasminogen. Grey bars show the fluorescence of adherent cells (left ordinate). Clear
bars show (right ordinate) plasmin activity of platelets and monocytic cells incubated with or without plasminogen
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Fig. 11. Effect of plasminogen on adhesion of monocytic cells to fibrin gel under flow condition. The cells were
suspended in a buffer with or without (control) plasminogen and perfused through the fibrin gel containing the
inner capillary at a flow rate 0.1 ml/min for 5 min. After this time, the capillary were flushed for additional
12-14 min to remove non-adherent cells. Adherent cells were viewed in microscope at 10x objective
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se is not responsible for the antiadhesive effect.
Also, plasmin-mediated cleavage of cell surface
integrins does not contribute to the defective cell
adhesion. Therefore, the structural alteration of the
surface of fibrin produced by plasmin generated by
cells during the first round of adhesion is respon-
sible for the inability of clots to support subsequent
cell adhesion.

To assess the extent of proteolysis, we deter-
mined the amount of fibrin cleaved by generated
plasmin. The amount of digested fibrin was esti-
mated by measuring radioactivity released in the
solution from gels prepared from '?’I-labeled fi-
brinogen after adhesion of U937 cells. It was found
that only approximately 0.2% of fibrin is released
from the gel as a result from proteolysis by ad-
herent cells. Thus, plasmin generated by adherent
cells appears to produce only minor decomposition
of the surface. When such “postadhesive” gels were
treated with SDS to remove loosely bound fibrin
fragments, the adhesiveness of fibrin clot was re-
stored.

Since both fibrinogen and plasminogen exert
potent effect, we examined the interplay between
two antiadhesive systems, non-proteolytic fibrin-
ogen-dependent and proteolytic plasminogen-de-
pendent, operating at the same surface of fibrin
clot. When fibrin clots are exposed to fibrinogen
and plasminogen simultaneously, as it would occur
in the circulation, the deposition of fibrinogen on
the surface of a clot prevents activation of fibrin-
bound plasminogen by transiently adherent cells.
The precise mechanism by which the simultaneous
adsorption of fibrinogen and plasminogen abolishes
activation of plasminogen by cells will require fur-
ther study. However, the simplest interpretation of
the observed phenomenon is that the fibrinogen
due to its abundance in the circulation produces a
matrix which masks the surface-bound plasmino-
gen and precludes its physical contact with cells.

The above experiments show that two fibrin-
binding proteins, plasminogen and fibrinogen,
strongly reduce adhesion of leukocytes and plate-
lets to fibrin clots, highlighting a possible role for
these plasma proteins in surface-mediated control
of thrombus growth and stability. In particular, ad-
sorption of fibrinogen on fibrin clots renders their
surfaces non-adhesive, while the conversion of sur-
face-bound plasminogen to plasmin by transiently
adherent blood cells results in degradation of a su-
perficial fibrin layer, leading to cell detachment
in flow. Although the mechanism whereby these
proteins exert their antiadhesive effects-proteolytic
and non-proteolytic- seems different, the outcome
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is the same: the formation of mechanically instable
surface that does not allow firm cell attachment
(Fig. 12).

The existence of two potent antiadhesive
mechanisms, fibrinogen- and plasminogen-de-
pendent, raises a question of their potential contri-
bution to the nonadhesive properties of the fibrin
clot surface. Because of the clear superiority of the
fibrinogen-dependent system, it is uncertain under
which circumstances the plasminogen-dependent
system may play a significant role. One of the
possibilities is the heterogeneity of the clot sur-
face. Recent studies using a novel technique that
allowed the imaging of the thrombi developed in
large vessels demonstrated that the surface of clots
displayed variable spatial intensities of the plate-
let-, fibrin- and fibrinogen-specific fluorophores,
indicating a non-uniform coverage of clots with
fibrinogen [3]. Therefore, plasminogen and fibrino-
gen may accumulate at different regions of the clot.
Another possibility is that the contribution of the
two antiadhesive systems may be altered in patho-
logical conditions. Further studies of the distribu-
tion of fibrinogen and plasminogen on the surface
of clots in vivo and in model systems in vitro may
help to define the localization and roles of the two
antiadhesive systems.

The surface-mediated control of thrombus
growth and stability is a new concept. Although the
fact that the surfaces of stable hemostatic thrombi
are covered with fibrin has been long known, a
paradox as to why fibrin, a highly adhesive sub-
strate for platelets and leukocytes in vitro, does not
effectively support adhesion of these cells in cir-
culation has not been addressed. We propose that
the reason for the loss of reactivity of fibrin clots
for platelets and leukocytes is the ability of fibrin
to bind both fibrinogen and plasminogen resulting
in the assembly of a potent antiadhesive system
that guards clots from excessive cell accumula-
tion. This protective mechanism may fulfill a dual
purpose. First, it will prevent the accumulation
of platelets, thereby halting the overall process of
thrombus propagation. Second, it will prevent the
recruitment of leukocytes whose premature adhe-
sion with a concurrent release of proteolytic en-
zymes may compromise the thrombus stability es-
sential for early hemostasis. The efficiency of both
fibrinogen- and plasminogen-dependent processes
observed in vitro in conjunction with supporting
evidence from in vivo studies suggests their physi-
ological relevance. Thus, surface-mediated control
of thrombus growth and stability may represent a
previously unrecognized aspect of hemostasis.
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Fig. 12. Model of the mechanisms preventing growth of thrombus in the site of injury. (4, B) Plasma fibrinogen
interacts with the surface of fibrin clot, forming a layer consisting of loosely bound molecules. This results in the
Jormation of a “feeble” adhesive substrate. Flowing cells can engage either the solid fibrin matrix followed by
spreading and firm adhesion (A), whereas cells that engage loosely bound molecules in the fibrinogen layer slip
of, not being able to resist the shearing force of the flow (B). (C) Activation of plasminogen on the surface of
fibrin clot by plasminogen activation system results in the generation of plasmin which degrades the superficial
fibrin layer. Degraded fibrin molecules are not able to hold cells under flow
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Cy1iecTByiollee MpeacTaBIeHUE O MEXaHU3-
Max KOoaryJsILMOHHOTO KacKaja He JaeT OTBeTa
Ha TIPUHIMITMAIBHBINA BOIPOC: TIOYEMY Pa3BUTUE
Tpomba, 00pa3ylolerocs Npyu MeXaHU4eCKOM I10-
BpPEXKJECHUU COCYyJa, BHE3AITHO MpeKpallaeTcs, B
OTJIMYME OT MaTojormueckoro rpomoda. B HacTos-
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1LIei cTaThe MpeAcTaBJIeHbl pe3yJbTaThl IMKJIA pa-
00T, KOTOpbIE JAal0T OTBET Ha 3TOT Bompoc. Mbl
MOKa3blBaeM, YTO Ha MOBEPXHOCTU (PUOPUHOBOIO
crycrka obpasyeTrcss TOHKUKM MeTacTaOMJIbHBII
clioii ubpruHOTreHa, KOTOPhIiA He COCOOEH IoA-
JIepKaTh aare3ulo KJIETOK B KPOBOTOKe. TpomOo-
LUTHl U JIEUKOLIUTHI, KJIETKK obJiajaroliue aare-
3UBHBIMA MHTEIrPUHAMM, HE MOTYT 3aKPENUTbCS
Ha CT'YCTKe, CMbIBAIOTCS TOTOKOM KPOBU U 00pa3zo-
BaHUe TpoMOa, TaKMM 0Opa3oM, OCTaHABJIMBaET-
cs1. Kiretku, KoTopble Bonpeku (puOprHOreHOBOMY
LIUTY BCE-TaKU NOCTUIJIM YCTOMUYUBOU MOBEPXHO-
ctu pubpuHa, UCHONb3YIOT JOMOAHUTEIbHBINA Me-
XaHW3M — CIIOCOOHOCTb aKTUBUPOBATh MJIa3MUHO-
T€H, CBA3aHHBIN C KJIETOYHOU MOBEPXHOCTHIO WU
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¢ camuM (pubpuHoM. IlnazmMuH, obpasyooluiics
B MHTepdeiice MexXay KJIETKOW M MOBEPXHOCTHIO
CTyCTKa, JIOKaJbHO paciueruisier uopun. dpar-
MEHTUPOBAHHAsI TTOBEPXHOCTh CIYCTKAa CTAHOBUT-
Cd HEYCTOMYUMBOU, HEAATE3UBHON U MOITOMY HE-
TpoMmboreHHoi. TakuM oOpa3oM, oCTaHOBKA pocTa
reMOCTaTUYeCKOro TpomMba obecreurnBaeTcsl AByMsi
MexaHu3MaMu, (UOPUHOTeH- U IJIa3MHHOI€H3a-
BUCUMBIMU, OCHOBAHHBIMUA Ha €IUHOM TPUHIIU-
ne — co3JaHue MeXaHWYECKMCKU HeCTaOUIbHOM
HeaJAre3uBHON MOBEPXHOCTH.

KnmoueBbie cJ10Ba: TpoMO0OOpa3oBaHUE,
¢ubpuHoreH, ¢GpuOpMH, MJIa3MUHOICH, IJIa3MHH,
AKTUBUPOBAHME TIA3MUHOTEHA, MEXaHMUYECKOe
MOBPEXACHUE COCYIOB.
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Jlep>xaBHMI yHiBepCUTEPT Api3oHHU,
CIIA, IlIkosna HayK TpO XUTTS

IcHyloue ysIBJACHHS IIPO MeXaHi3MU Koary-
JISIUiMHOTO Kackajay He Ja€ BiATNOBili Ha MpUH-
LIMIIOBE MUTAHHS: YOMY PO3BUTOK TPOMOY, IO
YTBOPIOETHCS TIiJI YaC MEXaHIYHOTO TOIIKOIXKEH-
HSl CYIMHMU, PaniTOBO NMPUITMHSETHCS, HA BiAMiHY
BiJI ITaTOJIOriYHOro TpoMOy. Y Wiil cTarTi mpen-
CTaBJICHO pPe3yJbTaTU LMKJY poOiT, SIKi malOTh
BIAINOBiAb Ha Lie¢ NUTAaHHSI. MM MOKa3yeEMO, IO
Ha TOBepXHi (PiOPUHOBOrO 3ryCcTKY YTBOPIOETHCS
TOHKUI MeTacTabiibHUU 1wap didpuHOreny,
KM He 3JaTHUM IIiATpUMATH aare3ilo KJIITUH
y KpoBoToli. BHacnigok Hboro TpomMOOLUTU
i JeWKOUUTHU, KJIITUHU, SIKi MalOTh aAre3uBHi
iHTerpvHU, HE MOXYTh 3aKPilIUTUCS Ha 3TYCTKY,
3MUBAIOTHCS IIOTOKOM KPOBi 1 PO3BUTOK TPOM-
Oy, TaKWM YMHOM, 3yNUHSETbCcI. KiTuHU, 9Ki
Bcyneped (piOpMHOTE€HOBOMY ILUTY TaKW JOCST-
JIN CTiliKO1 moBepxHi (piOprHY, BUKOPUCTOBYIOTh
JNOJaTKOBUIM MexaHi3M — 31aTHICThb aKTUBYBa-
TU IJIa3MiHOT€H, ITOB’SI3aHUM 13 KJIITUHHOIO II0-
BepxHew abo i3 camum ¢pidbpuHom. IlnasmiH,
110 YTBOPIOETBHCS B iHTepdEici MixX KJITUHOIO
i MOBEPXHEIO 3TYCTKY, JOKaJbHO PO3LIETIIIOE
(iopuH. PparmMeHTOBaHA TTOBEPXHST 3TYCTKY CTaE
HECTiliKOl0, HeaAre3MBHOIO i TOMY HETPOMOOIreH-
Hot. TakuM 4YMHOM, 3yTIMHKA POCTY TéMOCTaTU Y-
HOTo TPOMOY 3a0e3I1euyeThCs IBOMA MEXaHi3MaMu:
¢iOprHOTeH- i T1a3MiHOreH3aJeXKHUMU, SIKi 3ac-
HOBAaHO 3a OJHMM IPUHLMUIIOM — CTBOPEHHS
MEXaHiYHO HeCTablJIbHOI HeaJAre3WuBHOI ITOBEPXHi.

ISSN 0201 — 8470. Ykp. 6ioxim. acypu., 2013, m. 85, Ne 6

KnwouyoBi ciaoBa: TpoMOOYTBOPEHH,
¢ibpuHoreH, ¢iOpuH, IJa3MiHOreH, IIJa3MiH,
aKTMBYBaHHS MJa3MiHOT€HY, MEXaHIUYHEe IOIIKO-
JUKEHHS CYIUH.

1. Falati S., Cross P., Merrill-Skoloff G. et al. //
Nat. Med. — 2002. — 8. — P. 1175—118]1.

2. Kamocka M. M., Mu J., Chen N. et al. // J.
Biomed. Optics. — 2010. — 15. — P. 016020-
1-016020-7.

3. Cooley B. C. // ArteriosclerThromb. Vasc.
Biol. — 2011. — 31. — P. 1351—1356.

4. van Aken P. J., Emeis J. J. // Artery. — 1982. —
11. — P. 156—173.

5.van Ryn J., Lorenz M., Merk H. et al. // Thromb.
Haemost. — 2003. — 90. — P. 1179—1186.

6. Groves H. M., Kinlough-Rathbone R. L.,
Richardson M. et al. // Lab. Invest. — 1982. —
46. — P. 605—612.

7. McGuiness C. L., Humphries J., Waltham M.
et al. // Thromb.Haemost. — 2001. — 85. —
P. 1018—1024.

8. Lishko V. K., Burke T., Ugarova T. P. //
Blood. — 2007. — 109. — P. 1541—1549.

9. Schielen W. J. G., Voskuilen M., Tesser G. I,
Nieuwenhuizen W. // Proc. Natl. Acad. Sci.
USA. — 1989. — 86. — P. 8951—8954.

10. Zamarron C., Ginsberg M. H., Plow E. F. //
Thromb. Haemost. — 1990. — 64. — P. 41—46.

11. Ugarova T. P., Budzynski A. Z., Shattil S. J.
et al. // J. Biol. Chem. — 1993. — 268. —
P. 21080—21087.

12. Lishko V. K., Kudryk B., Yakubenko V. P. et al.
// Biochemistry. — 2002. — 41. — P. 12942—
12951.

13. Podolnikova N. P., Yermolenko 1. S.,
Fuhrmann A. et al. // Biochemistry. — 2010. —
49. — P. 68—77.

14. Lisko V. K., Yermolenko 1. S., Owaynat H.,
Ugarova T. P. // J. Thromb. Haemost. —
2012. — 10. — P. 1081—1090.

15. Yermolenko 1. S., Fuhrmann A., Magonov S. N.
et al. // Langmuir. — 2010. — 26. — P. 17269—
17277.

16. Yermolenko 1. S., Lishko V. K., Ugarova T. P.,
Magonov S. N. // Biomacromolecules. — 2013. —
12. — P. 370—379.

17. Yermolenko I. S., Gorkun O. V., Fuhrmann A.
et al. // J. Biol. Chem. — 2012. — 287. —
P. 141979—141990.

18. Sakharov D. V., Rijken D. C. // Circulation. —
1995. — 92. — P. 1883—1890.

19. Lishko V. K., Yermolenko 1. S., Ugarova T. P. //
J. Thromb. Haemost. — 2010. — 8. — P. 799—807.

105



