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Introduction
Disorders of hemostasis lead to vascular pathology.
Absence of coagulation factors may lead to an
increased propensity for bleeding in various vascular
beds. Conversely, altered regulation of hemostasis can
be associated with a pronounced tendency toward
thrombosis in different vascular beds, which can lead
to tissue ischemia and infarction. The regulation of this
balance is maintained by systematically circulating
plasma proteins, membrane-bound proteins, and the
endothelium. The propensity of different vascular beds
to develop thrombosis may be due to specific disorders
of the endothelium. Local control of hemostasis is
under the direction of the endothelium, which itself
has some diversity in its expression of various gene
products (1, 2). In mice, differential expression of plas-
minogen activator inhibitor-1 has been observed in dif-
ferent tissues, with high levels in aorta, heart, and adi-
pose tissue, and low levels in the liver, adrenals, and
kidneys (3). In the mouse, there are higher levels of
expression of thrombomodulin (TM) in the abdominal
aorta than in the thoracic aorta (4). Endothelial cells
derived from microvascular beds express 100-fold more
tissue-type plasminogen activator (tPA) than endothe-
lial cells derived from macrovascular cells (5).

In the Western world, coronary artery thrombosis is
usually the result of atherosclerosis. Atherosclerotic

plaque rupture is thought to trigger arterial thrombo-
sis mediated by platelets and fibrin, which results in
regional ischemia or infarction (6, 7). Atherosclerosis is
a disease of the macrovasculature (8). Small vessel
thrombosis as a result of endothelial cell dysfunction
may also produce regional ischemia (9–11). Multiple
genes regulate coagulation (12, 13). We hypothesized
that differential gene expression is important for
organ-bed specificity with respect to hemostatic bal-
ance. Such a biological system would likely be con-
trolled at the endothelium level (14). We demonstrated
previously that the cardiac myocardium regulates the
specific activity of its endothelial cells, suggesting a
potential role in regulating hemostasis (2). Moreover,
fibrin deposition in the cardiac vasculature has a pro-
found effect on heart function; thus, we chose to study
this organ bed as a model of thrombus regulation. The
use of genetically modified animals provides a power-
ful tool for unraveling the complex interactions of the
various proteins involved in coagulation homeostasis
in the cardiac circulation. In this study, we investigat-
ed the interaction of 3 endothelium-derived genes —
TM, tPA, and urokinase-type plasminogen activator
(uPA) — and their effects on myocardial thrombosis.
TM, a natural anticoagulant, is a membrane-bound
protein that facilitates the activation of protein C to
activated protein C (APC) when thrombin is also
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bound to it (15). A primary component of the fibri-
nolytic system is an inactive zymogen called plasmino-
gen, which, after activation by either tPA or uPA, is able
to remove fibrin clots (16). Using genetically modified
animals, we studied the relative contributions of the
above gene products to the maintenance of the hemo-
static balance. We showed that the simultaneous reduc-
tion of the natural TM-anticoagulant pathway activity
and diminution of tPA-mediated fibrinolytic capacity
combined to produce severe tissue damage and func-
tional abnormalities in the hearts of mutant mice. A
statistical approach was developed that quantitatively
describes the effects of the above hemostatic gene
defects, and should aid in detecting genetic interac-
tions that are relevant to the physiology and patho-
physiology of the cardiovascular system.

Methods
Generation of mice. The mice with single-gene modifica-
tions (TM+/–, TMPro/Pro, TM–/Pro, tPA–/–, and uPA–/–) have
all been described previously (4, 17, 18). Mice deficient
in uPA or tPA were obtained from P. Mulligan (Chil-
dren’s Hospital, Boston, Massachusetts, USA). Unless
otherwise stated, the background of all mice was
mixed C57BL/6 and 129. The wild-type (TM+/+) and
TM+/– mice were littermates, and the F7 generation was
backcrossed to C57BL/6. The uPA–/– and tPA–/– mice
were backcrossed 4 times to C57BL/6. The TM–/Pro

lines were generated from a TMPro/Pro F2 mouse, and a
TM+/– mouse was backcrossed 4 times to C57BL/6 (F4).
The other lines were generated from the uPA–/–, tPA–/–,
TM+/–, and TM–/Pro lines as described above. The
tPA–/–TMPro/Pro and tPA–/–TM–/Pro animals were litter-
mates, as were the uPA–/–TMPro/Pro and uPA–/–TM–/Proan-
imals. The maximum contribution of 129 to the genet-
ic background of the different mouse genotypes
ranged from 1.5% to 12.5%. The genotypes of the ani-
mals were identified by lacZ reporter gene analysis of
tails and by Southern blot analysis. All these studies
were performed on young adult mice (3–6 months of
age). We have not noticed any shortening of life-span
in animals up to 8 months of age.

Detection of tissue fibrin. Fibrin was measured in
mouse tissues by a method that has been described
previously (17), with several modifications. The pri-
mary antibody was either the monoclonal 59D8
(kindly provided by Marshall Runge, University of
Texas Medical Branch at Galveston, Galveston, Texas,
USA; ref. 19) or the commercially available mAb NYB
T2G1 (Accurate Chemical & Scientific Corp., West-
bury, New York, USA) (20). Protein was detected using
a chemiluminescence system (either ECL from Amer-
sham Life Sciences Inc., Arlington, Illinois, USA, or
CDP-Star from NEN Life Science Products Inc.,
Boston, Massachusetts, USA) and was quantitated
using a Kodak Image Station (model 440CF; Eastman
Kodak Co. Scientific Imaging Systems, New Haven,
Connecticut, USA) supplied with 1D Image Analysis
Software. Each sample group contained 10 mice,

except the following genotypes: uPA–/–TMPro/Pro (3
mice), uPA–/–TM–/Pro (6 mice), tPA–/–TMPro/Pro (7 mice),
and uPA–/–tPA–/– (8 mice).

Statistical analysis. The statistical relationship between
fibrin levels and defects in the TM gene and fibrin-
olytic genes was analyzed using standard linear model-
ing techniques (21). Plots of fibrin levels within geno-
typic groups revealed a slight skewness in the data.
Therefore, fibrin levels were natural log–transformed
(lne) to normalize their distribution; all analyses were
performed on these transformed data. A 3-way cell-
means ANOVA model with all pairwise interactions
between the TM gene, uPA gene, and tPA gene was first
fit to the data, and then F tests were performed to
determine whether these factors contributed signifi-
cantly to the overall fit of the model.  In this process,
TM was treated as a 4-level factor taking on the values
TM+/+, TM+/–, TMPro/Pro, and TM–/Pro; uPA and tPA were
treated individually as 2-level factors, indicating the
presence of the wild-type gene or deletion mutation.

A simple linear regression model was fit to the data.
If the potential interactions between the TM gene and
the uPA gene, or between the TM gene and the tPA
gene, were significant based on the ANOVA results,
then all components of these interactions were consid-
ered separately in the regression. All main effects were
also included. A backward elimination procedure based
on Wald tests was performed (22). The final model con-
sisted of all factors with coefficients significantly dif-
ferent from 0 (P < 0.05). Estimated coefficients from
the final regression model were reported to indicate the
direction and magnitude of the effect of each term on
lne fibrin. Unadjusted prediction intervals for multiple
comparisons of fibrin levels were also reported for all
observed genotype combinations.

Histology. Murine heart sections from 5 wild-type con-
trol mice and 3 tPA–/–TM–/Pro animals were prepared for
histological analysis as described previously (17, 23). Mas-
son’s trichrome stain (Sigma HT15; Sigma Diagnostics,
St. Louis, Missouri, USA) was performed on alternate sec-
tions to those that were stained for fibrin (24).

Cell culture. These studies used both wild-type
C57BL/6 and FVB mice. Cardiac microvascular
endothelial cells and myocytes were isolated and cul-
tured from murine hearts as described previously (25,
26). The endothelial cells were cultured alone or in the
presence of cardiac myocytes, in 12-mm (0.4-µm pore)
Transwell dishes (Corning-Costar Corp., Cambridge,
Massachusetts, USA), as described previously (2). The
cells were cultured for 72 hours, with a medium change
at 48 hours. The cultures were then washed twice with
PBS, and the medium was changed to DMEM with 1%
BSA and 20 mM glucose, and incubated for an addi-
tional 12 hours. The medium was then collected for
secreted-protein analysis.

Protein assay. Cellular and secreted protein samples
were isolated from cardiac microvascular endothelial
cells cultured as described above. Relative antigenic lev-
els of TM were determined by Western dot blotting with
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rat anti-mouse TM (a gift from S. Kennel, University of
Tennessee, Oak Ridge, Tennessee, USA) at a dilution of
1:1,000. Rabbit anti-mouse uPA and rabbit anti-mouse
tPA were obtained from American Diagnostica Inc.
(Greenwich, Connecticut, USA) and were used at
1:1,000 dilutions. Peroxidase-labeled donkey polyclon-
al antibodies to rat and rabbit IgG (Jackson ImmunoRe-
search Laboratories Inc., West Grove, Pennsylvania,
USA) were used as secondary antibodies, at a dilution of
1:1,000. Blots were developed with a chemiluminescence
system (ECL; Amersham Life Sciences Inc.). All protein
analyses were performed in triplicate sets, with a mini-
mum of 2 independent experiments.

Echocardiography. Selected mice genotypes (3–6 ani-
mals of each type) were chosen for echocardiography
(see Table 3). The mice were anesthetized with 0.3 mL
of 2.5% Avertin and secured to an imaging table that
allowed variable degrees of the decubitus position. The
chest hair was removed, and electrocardiogram leads
were placed on 3 limbs of each mouse. M-mode and 2-
dimensional transthoracic echocardiography (using a
SONOS 5500 machine from Hewlett-Packard,
Andover, Massachusetts, USA) was performed with a
broad-band, phased-array ultrasound transducer with
a frequency range of 5–12 MHz. The instrument set-
tings were optimized to allow maximum frame rates
(120 Hz) and best left ventricular (LV) endocardial visu-
alization. Two-dimensional and M-mode images were
obtained at midpapillary level with a short-axis view.
High-frame-rate images were digitally captured and
stored on magneto-optical disk for off-line analysis.
The images were reviewed to assess regional LV func-
tion. Heart rates were measured from cycle lengths on

the M-mode echocardiograms. Electronic
calipers were used to measure the 2-dimen-
sional images for LV internal diameter
(LVID) at end-diastole and end-systole;
anterior and posterior wall thickness at
end-diastole; and short-axis endocardial
area at end-diastole and end-systole (27). At
least 5 measurements were made for each
parameter and averaged. Fractional short-
ening (derived from the LVID measure-
ments) and fractional area change (derived
from the area measurements) were used as
measures of LV systolic function.

Regional wall motion was quantitated on
the midventricular short-axis image by
modification of the standard wall motion
scoring system. Using the insertion points
of the right ventricular free wall to define
the interventricular septum, this image
was divided into 4 equal myocardial seg-
ments corresponding to the anterior, sep-
tal, posterior, and lateral regions. Myocar-
dial segments were assigned the following
scores: hyperkinetic segments, 0; normal
moving segments, 1; hypokinetic seg-
ments, 2; and akinetic segments, 3. The

wall motion score was expressed as a total score rang-
ing from 0 to 12.

Results
Fibrin deposition in mutant mice. The fibrin Western blot
assay quantitated the amount of fibrin present in each
heart (Table 1, column 2). When the number of fully
functional TM alleles was gradually reduced from the
wild-type (in TM+/–, TMPro/Pro, and TM–/Pro; ref. 17), the
concentration of fibrin increased (from 5.66 in the
wild-type to 13.5, 24.1, and 51.1 ng fibrin/4 mg tissue,
respectively). Among the single-knockout animals,
tPA–/– had the highest concentration of fibrin (90.4 ng
fibrin/4 mg tissue). The levels of fibrin in double-
knockout animal models also increased, with the high-
est deposition observed when tPA–/– was combined
with the TM-modified animals. The tPA–/–TM–/Pro mice
had the most fibrin (716 ng fibrin/4 mg tissue) of all
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Table 1
Fibrin deposition in heart

Genotype Fibrin Fibrin Predicted 
deposition coefficient fibrin level
ng fibrin/ ln(ng fibrin/ ln(ng fibrin/

4 mg tissue 4 mg tissue) 4 mg tissue) 
(95% prediction interval)

Wild-type 5.66 ± 0.57 1.56 0.31–2.81
TM+/– 13.5 ± 2.2 1.08 1.39–3.90
TMPro/Pro 24.1 ± 5.4 1.28 1.58–4.10
TM–/Pro 51.1 ± 4.9 2.82 3.10–5.65
tPA–/– 90.4 ± 11.7 2.95 3.25–5.76
uPA–/– 45.3 ± 5.1 2.23 2.53–5.04

Genotypic crosses

tPA–/–TM+/– 331 ± 37 NS 4.34–6.84
tPA–/–TMPro/Pro 324 ± 58 NS 4.52–7.05
tPA–/–TM–/Pro 716 ± 114 –0.90 5.15–7.70
uPA–/–TM+/– 148 ± 22 NS 3.61–6.12
uPA–/–TMPro/Pro 42.9 ± 5.5 –1.32 2.34–5.15
uPA–/–TM–/Pro 163 ± 73 –1.87 3.42–6.05
tPA–/–uPA–/– 353 ± 51 –1.02 4.44–6.99

Column 2 is the average calculated for the fibrin deposition in each genotypic group. The val-
ues are average ± SD. Column 3 contains the coefficients from the linear regression analysis
of the fibrin deposition values for all of the terms. The unadjusted 95% prediction intervals
for fibrin levels are reported in column 4. NS, not significant.

Figure 1
Cardiac microvascular endothelial cell and cardiac myocyte culture.
Protein analysis of the levels of TM, uPA, and tPA from cardiac
microvascular endothelial cells cultured alone (open bars) and in the
presence of cardiac myocytes (filled bars).



the animals examined. The combination of uPA–/– and
the TM-modified animals produced a modest increase
in fibrin deposition (ranging from 42.9 to 163 ng fib-
rin/4 mg tissue).

The 3-way ANOVA table with all pairwise interac-
tions is given in Table 2. The test statistic for the over-
all F test was 50.64 (P = 0.0001), indicating that not all
coefficients in the model equaled 0. F tests for the inter-
actions between TM and uPA (F = 10.41, P = 0.0001),
TM and tPA (F = 3.44, P = 0.020), and tPA and uPA (F =
4.20, P = 0.043) revealed that all pairwise interactions
contributed in a statistically significant manner to the
variability in lne fibrin deposition.

The results of fitting the final regression model to the
data are shown in Table 1, column 3. Interactions
between TM+/– and uPA–/–, TM+/– and tPA–/–, and TMPro/Pro

and tPA–/– were not significant, and were removed from
the final model. The parameter estimates given in Table
1 are estimates of the coefficients for the variables
(referred to as fibrin coefficients) in the final model. Pre-
dictions for new observations can be made using the
equation below, where Pred[ln(Fibrin)] is the predicted
lne fibrin value for a new observation: 

Pred[ln(Fibrin)] = 1.56 + 1.08(TM+/–) + 1.28(TMPro/Pro) +
2.82(TM–/Pro) + 2.23(uPA–/–) + 2.95(tPA–/–) –
1.32(uPA–/–TMPro/Pro) – 1.87(uPA–/–TM–/Pro) –
0.90(tPA–/–TM–/Pro) – 1.02(uPA–/–tPA–/–).

Based on this model, it appears that the relationships
of the fibrin coefficients for prediction of fibrin levels
between uPA–/–, some of the TM genotypes, and tPA–/–

are not simply additive. In general, the
effect of having 2 modifi-
cations/knockouts is less than the sum
of the effects of having either one. In
other words, the predicted fibrin level
in a mouse that is both uPA–/– and
TMPro/Pro, for example, is not simply the
sum of the predicted levels of a uPA–/–

mouse and a TMPro/Pro mouse. The levels
of fibrin are most greatly affected when
TM is modified and tPA is removed in a
single animal.

Unadjusted 95% prediction intervals
for each observed genotype are given in
Table 1, column 4 (we are 95% confident
that the lne fibrin level for a new observa-
tion with the corresponding genotype
will fall within these ranges). 

Cardiac myocyte induction of tPA. Cardiac microvascular
endothelial cells were cultured alone and in the presence
of cardiac myocytes. Cardiac myocytes induced increas-
es in endothelial levels of tPA to 191 ± 13% of baseline
values (Figure 1). The communication between the car-
diac myocytes and the endothelial cells did not alter TM
or uPA levels (92 ± 15% and 103 ± 12%, respectively, com-
pared with baseline values). Levels of TM, tPA, and uPA
in cardiac myocytes in monoculture were not detectable.

Echocardiography. A subset of experimental mice was
subjected to echocardiography (Table 3). This subset
consisted of wild-type (TM+/+), TM+/–, TM–/Pro, tPA–/–,
and tPA–/–TM–/Pro animals. Two representative echocar-
diograms of the mice are shown in Figure 2. No effect
on cardiac function was seen when TM was mutated
to drastically reduce its anticoagulant function (TM+/–

and TM–/Pro). A global decrease in cardiac function was
observed in tPA–/– mice. When tPA–/–TM–/Pro mice were
examined, they were found to have regional myocar-
dial dysfunction suggestive of myocardial infarcts.
Examination of the echocardiograms demonstrates
that the infarction was localized to the LV free wall in
these animals.

Heart histology of tPA–/–TM–/Pro mice. The fibrin Western
blot provides a quantitative description of how much
fibrin is present in the heart tissue; immunohisto-
chemistry shows where the fibrin is (Figure 3). Com-
parison of hearts of tPA–/–TM–/Pro mice and wild-type
controls showed that fibrin is present in both macrovas-
culature (Figure 3a) and microvasculature (not shown).
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Figure 2
Echocardiography: short-axis view of mouse
heart at end-diastole. (a) TM–/Pro animal. (b)
tPA–/–TM–/Pro animal. RV, right ventricular cav-
ity; LV, left ventricular cavity; a, anterior
myocardial segment; s, septal segment; p, pos-
terior segment; l, lateral segment.

Table 2
ANOVA table of the genotype interactions

Source DF Sum of squares Mean square F value Pr > F

Model 12 230.408 19.201 50.64 0.0001
Error 103 39.050 0.379
Corrected total 115 269.458

Source DF Sum of squares Mean square F value Pr > F
TM 3 23.87 7.957 20.99 0.0001
uPA 1 8.942 8.942 23.59 0.0001
tPA 1 52.246 52.246 137.8 0.0001
TM × tPA 3 3.91 1.303 3.44 0.0196
TM × uPA 3 11.845 3.948 10.41 0.0001
uPA × tPA 1 1.591 1.591 4.2 0.043

DF, degrees of freedom; Pr, probability.



When the heart was examined distal to the area of
intravascular fibrin deposition, abnormalities were
observed in the trichrome stain of the tPA–/–TM–/Pro mice
but not the wild-type mice. Trichrome stains use 3 dif-
ferent dyes to identify and distinguish nuclei (blue to
black), collagen (blue), and cytoplasm and muscle (red).
When muscle necrosis occurs, fibers invade the necrot-
ic tissue; these fibers are stained with aniline blue. The
trichrome stain shows clearly that myocardial infarction
is present in the LV myocardium of the tPA–/–TM–/Pro

animals. On average, 1 area of muscle necrosis was pres-
ent in each randomly chosen section of the heart.

Discussion
The heart is an organ in which there is heterogeneity in
gene expression in the endothelium (2). Recent data have
suggested that tPA is associated only with a distinct sub-
population of the endothelial cells (28), and that the
level of tPA can be increased when these cells are exposed
to pertinent stimuli (29). The tissues with the highest
levels of tPA are the brain and heart (E.G. Levin and K.G.
Osborn, unpublished observations; also reported in ref.
29). The tissue with the highest expression level of uPA
is the kidney (30). TM has high levels of expression in the
vascularized tissues, including the heart (4, 31).

The fibrin Western blot illustrates the effect of selec-
tive gene modification on hemostasis in different vas-
cular beds. Statistical analysis provides a tool for
examining the interactions and effects of various gene
deletions/modifications in an in vivo mouse model.
The combination of modified TM and a gene deletion
in the fibrinolytic pathway greatly increases the levels
of fibrin. In the animals with a single knockout/mod-
ification, removal of uPA causes the same magnitude

of effect on fibrin deposition as is seen in TM–/Pro mice.
Both uPA and TM have a more general role in the fib-
rinolytic/coagulation cascade than tPA; only tPA has
specificity for the removal of fibrin from the vascular
system (16). The removal of tPA appears to have the
greatest effect among the animals with a single knock-
out/modification. This is also reflected in tPA–/– mice
having a larger fibrin coefficient than either TM–/Pro or
uPA–/– mice. It has been reported (32) that tPA and uPA
are able to compensate for one another. This could
contribute to the lower levels of fibrin present in the
single knockouts. When the tPA–/– characteristic is
combined with the TM–/Pro modification, the resulting
tPA–/–TM–/Pro mutant mouse has fibrin levels that can
be calculated by adding the fibrin coefficients (pre-
dicted lne fibrin levels) of the 2 original mutants to the
wild-type coefficient (no additional interaction is
observed when the 2 genes are modified or deleted).
The predicted lne fibrin level of a tPA–/–TMPro/Pro mouse
is 5.79, which is simply the sum of the individual lne

fibrin levels of a wild-type (1.56), a tPA–/– (2.95), and a
TMPro/Pro (1.28) mouse. When uPA is removed in the
presence of the modified TM, it appears that tPA is
able to compensate, producing a negative fibrin coef-
ficient for the interaction of uPA and TM. The pre-
dicted lne fibrin level for a uPA–/–TM–/Pro mouse is 4.74,
which is less than the sum of the individual lne fibrin
coefficients of a wild-type (1.56), a TM–/Pro (2.82), and
a uPA–/– (2.23) mouse, which is 6.61. The fibrin levels
of the mice with 2 genetic modifications were higher
than either of the single knockouts, but not as high as
the tPA–/–TMPro/Pro mice. Because of the number of
mouse lines used in this study, it was not always pos-
sible to genetically match the backgrounds of all the
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Figure 3
Histology of heart. (a and c) Fibrin
immunohistochemistry. Frozen tissue
sections of tPA–/–TM–/Pro (a) and wild-
type (c) mice were fixed in acidic for-
malin to wash out soluble fibrino-
gen/fibrin; reacted with the
fibrinogen/fibrin-specific antibody;
and counterstained with hematoxylin.
The dark-brown horseradish peroxi-
dase reaction product shows fibrin
present in the macrovasculature. (b
and d) Trichrome stain. Frozen tissue
sections of tPA–/–TM–/Pro (b) and wild-
type (d) mice were processed accord-
ing to standard protocols (24). The
tPA–/–TM–/Pro section shows myocar-
dial infarct caused by the fibrin pres-
ent in distal arteries. This tissue death
is not present in the wild-type hearts.
All images are sections from the LV
wall of the heart. ×150.



animals by using littermates as wild-type controls.
There are strain-specific differences reported for
knockouts of fibronectins (33), fibrinogen (34), and
other genes (35) that are dependent on the genetic
background of the mouse (summarized in ref. 35). In
this study, there was a population-based contribution
of 129 to the genetic background of the mice, but
because the distribution of fibrin deposition was sim-
ilar for each of the different mouse lines used, the
potential contribution of genetic modifiers to a spe-
cific mouse line should be minimal. In fact, in over 2
years of sibling/sibling breedings of the TMPro/Pro mice,
we have not observed any increase in fibrin deposition
in the vascular beds cited in this study. Thus, although
we cannot rule out that the magnitude of some of the
results may have been influenced by slight variations
in the background of some of the lines, our experience
with the TMPro/Pro mice supports the conclusions put
forth in this manuscript.

The data from this study offer potential insight into
the complex interdependence of the coagulation and fib-
rinolytic pathway components. We demonstrated previ-
ously that the TMPro mutation has suppressed activated
protein C (APC) generation. However, the Pro mutant
protein maintains the ability to bind thrombin, albeit
with decreased affinity, suggesting that non-APC path-
ways may be affected by the thrombin/TMPro mutant
complex (17). The data in this study demonstrate that in
the tPA-knockout mice, the TMPro mutation has effects
on fibrin deposition similar to the TM-null allele, sug-
gesting that APC generation is critical in this genotype.
However, in the uPA-knockout mice, the TMPro mutation
makes a minimal contribution to overall fibrin levels
compared with the TM deletion. These data suggest that
in uPA–/– mice, a potential TM/thrombin complex may
affect other non–APC-dependent targets. Previous stud-
ies have demonstrated that the TM/thrombin complex
regulates the rate of plasmin generation through the
effects of thrombin-activated fibrinolysis inhibitor
(TAFI) on both tPA and uPA (36–39). In addition, the
TM/thrombin interaction has been shown to directly
modulate the uPA receptor (40). While these interactions
may not account for our current observations, we pro-
pose that additional, as yet undescribed, molecular inter-
actions may contribute to the interactions between TM
and plasminogen activator pathways.

The above data indicate that tPA is important for
normal heart function. We demonstrated previously
that other genes are critical to cardiac development
and physiology (including VEGF and Flk-1), and are
regulated by communication between cardiac
myocytes and the microvascular endothelium (2). The
present studies suggest that levels of tPA may be regu-
lated by a similar mechanism. It was shown that in the
coculture of endothelial cells and myocytes, levels of
tPA increased, whereas the uPA and TM protein levels
were not affected. It has been suggested (32) that tPA
is important for dissolving embolized clots, whereas
uPA is more necessary for the healing of wound fields
on the skin. Any disruption in communication
between the cardiac myocytes and the endothelium
could potentially lead to altered levels in tPA, possibly
resulting in profound effects on fibrin levels. As
judged by echocardiography, the hearts of the animals
with the TM defect function normally, while the tPA-
deficient animals have global defects in their cardiac
function. Because tPA is expressed throughout the
heart, it is not surprising that its removal leads to a
global cardiac effect (28). The tPA–/–TM–/Pro mice exhib-
ited a regional effect, reflected in LV dysfunction. In
addition, these mice displayed indications of focal
myocardial necrosis that correlate with dramatically
increased amounts of fibrin deposited in the myocar-
dial vasculature. We are currently examining larger
numbers of animals to develop a model in which gene
interactions are related to cardiac function.

Echocardiography is an excellent technique for looking
at cardiac function of genetically modified mice. It has
been shown in this study that global and regional cardiac
defects can be determined noninvasively. This technique
could potentially be used as an evaluation tool in genet-
ic manipulation studies of cardiac abnormalities. Because
of the noninvasive nature of the technique, it would be of
great benefit in studying gene-modified animals as a dis-
ease progresses. For instance, we have previously report-
ed an age-related dependence of fibrin deposition in TM-
null chimeric mice (41). Echocardiography would provide
a means for observing the physiological consequences of
the progression of this disease state.

In conclusion, we have produced an in vivo mouse
model with lesions associated with microvascular
thrombosis. The tPA–/–TM–/Pro animals have LV region-
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Table 3
Echocardiographic measurements

Genotype Sample size LVID dias (cm) Anterior wall (cm) Wall motion score LV function

Wild-type 6 0.237 ± 0.004 0.091 ± 0.009 4.0 ± 0.0 Normal
TM+/– 3 0.301 ± 0.012 0.079 ± 0.005 4.0 ± 0.0 Normal
TM–/Pro 3 0.302 ± 0.0333 0.079 ± 0.007 4.0 ± 0.0 Normal
tPA–/– 3 0.333 ± 0.053 0.070 ± 0.003 6.7 ± 0.6 Global decrease
tPA–/– TM–/Pro 5 0.289 ± 0.038 0.084 ± 0.006 5.2 ± 0.5 Regional decrease

All numbers are expressed as averages ± SD. LVID dias, left ventricular cavity inner diastole diameter. There are no statistical differences seen in any of the meas-
urements done except for the wall motion scores. There are significant statistical differences between each of the wild-type, and TM–/Pro with tPA–/– (P ≤ 0.001);
between each of the wild-type, TM+/–, and TM–/Prowith tPA–/–TM–/Pro(P ≤ 0.001); and between tPA–/– and tPA–/–TM–/Pro (P ≤ 0.05).



al wall motion abnormalities, as demonstrated using
echocardiography. This dysfunction is likely the result
of the overwhelming extent of fibrinous vascular occlu-
sion in the hearts of these animals. Thus, it appears
that the addition of modified TM is sufficient to con-
vert the biochemically defined hyperfibrinolytic state
and global cardiac dysfunction observed in tPA-defi-
cient mice into a mutant mouse with focal myocardial
tissue necrosis associated with LV dysfunction. The
tPA–/–TM–/Pro mouse should prove to be a good in vivo
model of myocardial infarction caused by thrombosis.
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