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Abstract We immunohistochemically examined the
expression of urokinase-type plasminogen activator (uPA),
tissue-type plasminogen activator (tPA), and plasminogen-
activator inhibitor type-1 (PAI-1) using venous thrombi
developed by ligation of the inferior vena cava (IVC) in
mice. The uPA-, tPA- and PAI-1-positive cells could be
firstly detected 5, 7, and 3 days, respectively, after IVC
ligation. Morphometrically, the number of PAI-1-positive
cells was significantly higher than those of uPA- and tPA-
positive cells at later than 7 days. In all of the thrombus
samples aged 10–21 days, the uPA/PAI-1 and tPA/PAI-1
ratios were >0.1 and >0.2, respectively. In contrast, all of
the thrombus samples aged 1–7 days had uPA/PAI-1 of <0.1
and tPA/PAI-1 ratios of <0.2. These findings implied that
uPA/PAI-1 of >0.1 and tPA/PAI-1 of >0.2 indicated an age
of 10 days or more. Moreover, in four of five samples aged
10 days, uPA/PAI-1 ratios were <0.3, and the remaining one
had uPA/PAI-1 of 0.32. All thrombi aged 14–21 days
showed values greater than 0.3. Thus, uPA/PAI-1 ratios,
markedly exceeding 0.3, strongly indicated an age of more
than 14 days. The present study demonstrated that the
immunohistochemical detection of uPA, tPA, and PAI-1
was suitable to estimate the age of venous thrombi.
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Introduction

It is well known that pulmonary thromboembolism (PTE) is
one of the major diseases in sudden unexpected natural
death. Most cases of PTE are caused by the embolization
of deep vein thrombus (DVT) in lower extremity. In cases of
DVT-related PTE, forensic pathologists are always required
to find the origin of DVT and estimate how old the venous
thrombi are. Immunohistochemical techniques are widely
used in the forensic research fields to estimate the age of
skin wounds and brain contusions, and to diagnose early
ischemic heart disease or drowning [1–23]; however, there
have been only a few forensic studies on thrombus age
estimation [24–27].

Urokinase-type plasminogen activator (uPA) and tissue-
type plasminogen activator (tPA) are serine proteases that
are members of the trypsin family, and they are essential to
the intrinsic coagulation system. During the resolution of
venous thrombi, tPA is primarily involved in fibrinolysis;
whereas, uPA principally mediates cell migration and tissue-
remodeling processes. Both uPA and tPA are responsible for
cleaving plasminogen, a large serum β-globulin that is
deposited on the fibrin strands within a thrombus. On the
other hand, plasminogen activator inhibitor-1 (PAI-1), a
member of the serine protease inhibitor family, has been
shown to regulate uPA and tPA, resulting in the inhibition of
proteolytic activity [28–31].
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In the present study, we immunohistochemically exam-
ined the intrathrombotic expression of uPA, tPA, and PAI-1
in a murine venous thrombus model and discussed the
availability of these molecules for thrombus age estimation.

Materials and methods

Antibodies

In the present study, the following polyclonal antibodies
(pAbs) were used for immunohistochemical analysis: rabbit
anti-uPA, -tPA, and -PAI-1 (active type) pAbs (Santa Cruz
Biotechnology, Inc., CA, USA).

Mice

Specific pathogen-free 8- to 10-week-old male BALB/c
mice were obtained from SLC (Shizuoka, Japan). All mice
were housed individually in cages under specific pathogen-
free conditions during the experiments. All animal experi-
ments were approved by the Committee on Animal Care and
Use of Wakayama Medical University.

Stasis-induced deep vein thrombus model

Intravenous thrombus was induced as described previously
[25–27]. Briefly, after deep anesthesia with intraperitoneal
injection of pentobarbital (50 mg/kg body weight), a 2-cm
incision was made along the abdominal midline, and the
inferior vena cava (IVC) was exposed and ligated with 3-0
silk suture. The abdominal wall was closed, and 1 ml of
phosphate buffered saline (PBS) was injected subcutaneous-
ly. At the indicated time intervals after the IVC ligation,
mice were euthanized by an overdose of diethyl ether, and
thrombi with vessel walls were harvested and subjected to
further histological analyses. At each time point, five mice
were used.

Immunohistochemical analyses

Intravenous thrombi were fixed in 4% formaldehyde buff-
ered with PBS (pH 7.2), transversely cut at the central part
of the thrombi, and paraffin-embedded sections (4 μm thick)
were made. The primary Abs were diluted with the blocking
buffer (PBS containing 1% normal serum corresponding to
the secondary Abs and 1% bovine serum albumin) to reduce
nonspecific reactions. Thereafter, the sections were reacted
with rabbit anti-uPA pAbs (1.3 μg/ml, 60 min), anti-tPA
pAbs (1.3 μg/ml, 60 min) or anti-PAI-1 pAbs (0.7 μg/ml,
48 min) at 37°C. After incubation with biotinylated rabbit
anti-rabbit IgG pAbs (0.7 μg/ml) at 37°C for 60 min for the
anti-uPA or -tPA sections and 24 min for the anti-PAI-1

sections, the DAB Map kit (Ventana Medical Systems,
Inc., AZ, USA) was used to visualize the antigens for all
stains.

Semiquantitative evaluation of intrathrombotic uPA, tPA,
and PAI-1 expression

Intrathrombotic uPA, tPA, and PAI-1 levels were evaluated
semiquantitatively, as described previously [25–27]. Briefly,
in each section, five microscopic fields (two central and
three peripheral fields) were randomly selected within the
thrombi (magnification, ×1,000), and the numbers of posi-
tive cells were counted and summed from the five micro-
scopic fields. All measurements were performed by two
examiners without prior knowledge of the experimental
procedures.

Statistical analysis

All data were presented as the mean±SEM. Statistical sig-
nificance was evaluated using Mann–Whitney’s U test.
P<0.05 was accepted as significant.

Results

Intrathrombotic appearance of uPA, tPA, and PAI-1

We immunohistochemically examined the intrathrombotic
appearance of uPA, tPA, and PAI-1. The earliest appearance
of uPA-positive cells and that of tPA-positive cells could be
observed at 5 and 7 days, respectively. Both could be
constantly detected at 10 days or more after the IVC liga-
tion. On the other hand, PAI-1-positive cells could first be
detected at 3 days after IVC ligation and all samples with the
postligation intervals of 7 days or more had PAI-1 positive
cells in IVC (Table 1). These positive cells were mainly
observed in macrophages at the marginal region of thrombi
(Fig. 1).

Morphometrical analyses

There were no significant differences in the positive cell
number between uPA and tPA at the postligation intervals of
7 days or more. The number of PAI-1-positive cells was

Table 1 The earliest and routine appearance

Markers Earliest (positive case) Routine

uPA 5 Days (1/5) ≥10 days

tPA 7 Days (3/5) ≥10 days

PAI-1 3 Days (3/5) ≥7 days
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significantly higher than those of uPA- and tPA-positive
cells after 7 days (Fig. 2). In thrombus samples with the
postligation intervals of 1–7 days, the average ratio of uPA
to PAI-1 (uPA/PAI-1 ratio) and that of tPA to PAI-1
(tPA/PAI-1 ratio) were less than 0.1 and 0.2, respectively.
In contrast, uPA/PAI-1 and tPA/PAI-1 ratios were greater
than 0.1 and 0.2 at ≥10 days after the IVC ligation, respec-
tively (Fig. 3).

Discussion

In the formation and resolution of thrombus, the interaction
of the vessel walls and the blood cells is indispensable.

Fig. 1 Immunohistochemical
detection of uPA, tPA, and PAI-
1 (5, 10, and 14 days after IVC
ligation). Representative results
are shown. Original magnifica-
tion, ×400

Fig. 2 Semiquantitative analyses of the number of uPA-, tPA-, and
PAI-1-positive cells (n05 in each group). **p≤0.01, uPA vs.
PAI-1; ##p≤0.01, tPA vs. PAI-1

Fig. 3 a The distribution of uPA/PAI-1 ratios and b tPA/PAI-1 ratios in
relation to thrombus age (n05 in each group)
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There are pathophysiological similarities between thrombus
formation/resolution and skin wound healing. In both pro-
cesses, various cells such as red blood cells, leukocytes,
vascular endothelial cells, smooth muscle cells, and platelets
are involved [32–35]. We demonstrated the time-dependent
reciprocal changes between the numbers of macrophages
and neutrophils in the venous thrombus [25]. Biofunctional
molecules derived from leukocytes and endothelial cells are
involved in the process of thrombus resolution [36, 37].
Actually, the intrathrombotic expression of matrix metal-
loproteinase (MMP)-2 and MMP-9 also seemed useful for
thrombus age estimation [27].

In the fibrinolysis process, the essential enzyme is plas-
min, a serine protease generated by the proteolytic cleavage
of the proenzyme plasminogen. Its main substrates include
fibrin, fibrinogen, and other coagulation factors. Plasmino-
gen activators are serine proteases that activate plasmino-
gen, by cleavage of a single arginine–valine peptide bond, to
the enzyme plasmin [38–40]. There exist tPA and uPA, both
of which are produced by macrophages. The migration and
activity of monocytes are important components of the
process of thrombus resolution because these cells are
known to produce a variety of growth factors, chemotaxins,
and matrix-degrading enzymes [41, 42]. The formation of
plasmin from plasminogen by tPA and uPA is presumed to
be essential for cell migration through the regulation of
fibrin deposition or pericellular fibrinolysis [43–45].

In contrast, PAI-1 is the primary inhibitor of plasminogen
activators. It is secreted in an active form from liver and
endothelial cells and stabilized by binding to vitronectin.
PAI-1 levels are elevated by hyperlipidemia, and PAI-1
elevation appears to synergize with factor V Leiden genetic
abnormalities. It is plausible that elevated PAI-1 could sup-
press fibrinolysis and increase thrombosis, hence increasing
the clinical manifestations of DVT, although studies on the
role of elevated levels of PAI-1 in venous thrombosis have
been contradictory [46, 47]. The balance of tPA/uPA and
PAI-1 determine the fate of thrombus.

Our study implies that tPA, uPA, and PAI-1 may be
useful for thrombus age estimation. Considering from the
first appearance of each molecule, uPA- and tPA- positive
cells would indicate thrombus ages of ≥5 and ≥7 days,
respectively. Intrathrombotic PAI-1 expression indicates
the thrombus age of ≥3 days. In the previous studies, we
demonstrated that neutrophil/macrophage and MMP-9/
MMP-2 ratios in the thrombi could give significant infor-
mation to estimate the thrombus age [21, 22]. In line with
these previous studies, uPA/PAI-1 and tPA/PAI-1 were pre-
sumed to be more useful for the age estimation of venous
thrombi. In all of the thrombus samples aged 10–24 days,
the uPA/PAI-1 and tPA/PAI-1 ratios were >0.1 and >0.2,
respectively. In contrast, all of the thrombus samples aged
1–7 days had uPA/PAI-1 of <0.1 and tPA/PAI-1 ratios

of <0.2. These findings implied that uPA/PAI-1 of >0.1
and tPA/PAI-1 of >0.2 indicate an age of 10 days or more.
Moreover, in four out of five samples aged 10 days,
uPA/PAI-1 ratios were less than 0.3 and the remaining one
had uPA/PAI-1 of 0.32. All thrombi aged 14–21 days
showed values greater than 0.3. These observations implied
that uPA/PAI-1 ratios, markedly exceeding 0.3, strongly
indicated an age of more than 14 days.

For forensic safety, it is needless to say that combined
analyses of several different markers are important. Our
previous study showed that the neutrophil/macrophage ratio
(N/M) in thrombi was useful for thrombus age estimation
[25]. Actually, a thrombus with both N/M of ≤1.0 and
uPA/PAI-1 of 0.1–0.3 may be a thrombus age of 10 days.

Finally, because the present results were obtained from
well-controlled animal experiments, it is, of course, neces-
sary to perform further study by the use of human thrombus
samples with variety ages. Herewith, we provide the exper-
imental evidence that immunohistochemical detection of
intrathrombotic uPA, tPA, and PAI-1 would be applicable
for thrombus age estimation.
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