
Introduction
Plasma carboxypeptidase B (pCPB) was first isolated
from human plasma as a plasminogen-binding (Plg-
binding) protein with homology to pancreatic car-
boxypeptidase B (1). Also known as CPU (2, 3), CPR
(4), and thrombin-activable fibrinolysis inhibitor
(TAFI) (5), pCPB is made by the liver (1, 6, 7) and is
secreted as an approximately 56-kDa zymogen (pro-
pCPB), which can be proteolytically activated (1, 5,
8–11) to an enzyme capable of removing carboxy-ter-
minal argininyl and lysyl residues (12). Activation can
be initiated by thrombin or plasmin, although the
thrombin/thrombomodulin complex is likely to be
the primary physiological activator of pro-pCPB (9).
The specificity of pCPB for basic amino acids has a
particularly important impact upon the functions of
Plg. As verified from the characterization of the Plg-
deficient mouse, Plg has a broad physiological and
pathophysiological role; it is essential for efficient fib-
rinolysis (13–15) and facilitates cell migration (16–19).
These activities depend upon the capacity of Plg to

bind fibrin and cell surfaces via its lysine binding sites
(LBS) (20–26). The interaction of the LBS of Plg with
carboxy-terminal lysines in its substrates enhances its
activation to plasmin and protects the enzyme from
inactivation by α2-antiplasmin (27). Partial degrada-
tion of substrates by plasmin exposes additional car-
boxy-terminal lysines augmenting plasminogen acti-
vation and, consequently, fibrinolysis or pericellular
proteolysis. The ability of pCPB to remove these spe-
cific residues from proteins has made it a prime can-
didate for modulating the functions of Plg (28).
Indeed, it has been shown in in vitro experiments that
pCPB inhibits Plg activation and prolongs fibrinoly-
sis (5, 9, 12, 28) by removal of Plg-binding sites from
degrading fibrin (10). On the other hand, pCPB can
attenuate systemic Plg activation dependent on Plg
binding to circulating fibrin fragment E (29). The
influence of pCPB on Plg is not restricted to fibrinol-
ysis. By removal of carboxy-terminal lysines from cell
surfaces, pCPB suppresses Plg binding to cell surfaces
(28), which may influence the role of these interac-
tions in cell migration.

Although most data pointing to a role of pCPB in
the regulation of fibrinolysis have been derived from
in vitro studies, some in vivo studies also support the
physiological functions of pCPB. Redlitz et al. (30)
showed that a potato carboxypeptidase inhibitor–sen-
sitive (PCI-sensitive) activity (PCI inhibits pCPB but
not the other major and constitutively active basic car-
boxypeptidase of blood, plasma carboxypeptidase N
[CpN]) was activated in dogs with an induced coro-
nary thrombosis, and an inverse correlation was found
between the extent of carboxypeptidase activity and
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the time for t-PA to restore blood flow, i.e., a suppres-
sion of fibrinolysis. Using a rabbit model of jugular
vein thrombolysis, Minnema et al. (31) showed that
neutralization of factor XI and inhibition of pCPB
enhanced thrombolysis. This observation is consistent
with the hypothesis forwarded by Von dem Borne et al.
(32) that activation of factor XI generates thrombin,
which protects fibrin clots from lysis by activating pro-
pCPB. Other in vivo studies have shown that inhibition
of pCPB with PCI potentiated thrombolysis (33, 34).
On the other hand, activated protein C (APC) was
shown to prevent death in a thrombin-induced throm-
boembolism model in mice (35). This effect of APC
may depend upon the suppression of additional
thrombin generation, which would result in activation
of pCPB. In humans, pCPB levels correlate with clot
lysis time in healthy individuals (36) and with an
increased risk of deep vein thrombosis (37). Thus,
pCPB may serve as an important link between the coag-
ulation and fibrinolytic systems.

To study the role of pCPB on the modulation of Plg
functions in vivo, pCPB homozygote-deficient pCPB–/–

mice were generated and mated to Plg–/– mice to pro-
duce a battery of Plg/pCPB genotypes. Plg+/– mice exhib-
it intermediate levels of fibrinolysis and cell migration
between wild-type and deficient mice, reflecting the
intermediate levels of Plg in the plasma of these mice
(14). We hypothesized that in this setting in which the
Plg system is already compromised, the role of pCPB in
influencing the functions of Plg might be accentuated
and most readily demonstrated. Our studies establish
a definitive role of pCPB as a modulator of the func-
tions of Plg in fibrinolysis and cell migration in vivo.

Methods
pCPB gene structure. Two gene fragments containing
pCPB sequence were isolated from a mouse 129SV
Lambda Dash II genomic library. These clones con-
tained nucleotides 146–1,394 of the mouse pCPB
cDNA sequence. Two additional clones were isolated
from a bacterial artificial chromosome mouse genom-
ic library that contained nucleotides 1–145 of the
mouse pCPB cDNA sequence (Genbank accession
number AF164524) (7). Taken together, the complete
mouse pCPB gene contained 10 exons.

Construction of the gene-targeting vector. To target the
murine pCPB gene, a replacement-type targeting vector
was constructed in which a neomycin gene was insert-
ed into exon 2 (see Figure 1a). An 18-kb gene fragment
containing base number 146–794 of the mouse pCPB
cDNA sequence was isolated from the genomic library.
The gene fragment was subcloned into pBluescript II
SK (Stratagene, La Jolla, California, USA), and an 8.4-
kb BamHI/BglII fragment was derived from the sub-
clone. This fragment contained pBluescript II SK vec-
tor, bases 146–272 of exon 2, and the 2.5-kb intron
region flanking each side of the exon (Figure 1a). A
unique SalI site located within the pCPB exon was con-
verted into a cloning site that contained restriction

sites for ApaI and NotI. The neomycin resistant gene
(neo) was inserted into the newly created NotI site in
reverse orientation to the pCPB gene. The herpes sim-
plex virus thymidine kinase (tk) gene was inserted into
the MfeI site at the 5′ end of the genomic clone. The
targeting vector was linearized using AvrII (Figure 1a).

Generation of chimeric and pCPB-deficient mice. The tar-
geting vector was electroporated into gelatin-adapted
R1 embryonic stem (ES) cells, and stable transfectants
were selected as described (38). Clones containing the
disrupted pCPB gene were identified by Southern blot
analysis and PCR. Homologous integration was
observed in 27 out of 728 (3.7%) clones. Genomic DNA
from wild-type cells yielded an approximately 9-kb
fragment after ApaI digestion (see Figure 1b), whereas
the disrupted gene produced a 4.3-kb fragment. Thus,
in heterozygous cells, both a 9-kb and a 4.3-kb band
were observed (Figure 1b). Two independent clones
that had undergone homologous recombination were
injected into C57BL/6 host blastocysts as described by
Bradley (39). Male chimeras were selected and bred
with C57BL/6 mice for gene transmission. Heterozy-
gote and homozygote pCPB-deficient mutants were
identified by PCR analysis of tail tip genomic DNA.
Heterozygote males were backcrossed with C57BL/6
mice for six additional generations.

Southern blot analysis. Genomic DNA was isolated from
cultured ES cells and tail tips as described previously
(40) and digested with ApaI. Southern blot analysis was
performed as described by Sambrook (41). To screen for
ES cell colonies and animals harboring the recombined
gene, an 80-mer probe was used, which aligned to the
intron region between the ApaI restriction site and the
3′ end of the gene-targeting vector (3 in Figure 1a).

PCR analysis. Heterozygote and homozygous pCPB-
deficient mutants were identified using a neo primer
and a pCPB-specific primer designed to the first exon
sequence 3′ of the gene-targeting vector. The neo-spe-
cific primer (2a in Figure 1a) was TTG TGT AGC GCC
AAG TGC CCA G, and the pCPB specific primer was (2b
in Figure 1a) AGT CTG CTG TTC AAT TAG GTC CTC 
CAC G. PCR analysis of the disrupted gene produced a
2.5-kb fragment in pCPB–/– and pCPB+/– mice, whereas
wild-type genomic DNA did not amplify a fragment of
this size (Figure 1c). Homozygote animals were veri-
fied by an additional PCR with an exon primer pair sit-
uated 5′ and 3′ of the neo insertion site that amplified
a 120-bp fragment in pCPB+/+ and pCPB+/– mice only
(see Figure 1c): primer 1a (Figure 1a), TGG CAG CCA
GTG ACA GCT GAA TTC ATC G; primer 1b (Figure 1a),
CGT ACT TAA ATG GAA TTC TGC TCA CAT TTA AAT 
GCG C. A 50-µl PCR reaction was performed using the
Advantage cDNA PCR Kit (CLONTECH Laboratories
Inc., Palo Alto, California, USA).

Northern blot analysis. Total RNA was isolated from 6-
week-old mouse livers of pCPB+/+, pCPB+/–, and pCPB–/–

mice using TRIzol Reagent (Invitrogen Life Technolo-
gies, Carlsbad, California, USA). Approximately 30 µg
of RNA was separated on an agarose-formaldehyde gel
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and blotted as described by Sambrook (41). The
hybridization was performed using a 600-bp random-
labeled pCPB DNA fragment. In addition, the blot was
stripped and rehybridized with a GAPDH probe to
show equal loading.

Generation of Plg/pCPB mice. Plg–/– mice were developed
and characterized as described previously (14). Plg–/–

mice (C57BL/6/129SVJ) were mated to pCPB–/– mice
(C57BL/6) to produce Plg+/–/pCPB+/– mice (F1), and
these mice were mated to their siblings to produce the
variety of Plg/pCPB genotypes (F2) used. Genotyping for
Plg was determined either by Southern blot or PCR
analysis as described (14). Mice were housed in
microisolator cages on a 12-hour day/night cycle and
fed regular chow diet. Experimental mice were 8–12
weeks of age, of mixed gender, and appeared healthy
during the course of the experiments. In all experi-
ments, comparisons were made between littermates. All
animal protocols were approved by the Institutional
Animal Research Committee.

Determination of pCPB activity and pro-
tein in plasma. Murine pCPB plasma
activity and protein levels were deter-
mined using a chromogenic assay
(Actichrome Plasma TAFI Activity Kit;
American Diagnostica Inc., Greenwich,
Connecticut, USA) or an ELISA.
Briefly, blood collected by cardiac
puncture into 3.8% trisodium citrate
was centrifuged (100 g, 15 minutes),
and the plasma was incubated with a
TAFI activation reagent, which con-
tains the thrombin/thrombomodulin
complex that converts pro-pCPB to its
active form. The activated plasma was
then assayed for total carboxypeptidase
and CpN in the presence of PCI accord-
ing to the manufacturer’s instructions.
The difference in color development
between the total carboxypeptidase
activity and the CpN activity represents
activated pCPB. This difference was
compared with values generated by an
activated pCPB standard curve. The
ELISA was performed using a kit
designed for the detection of human
pCPB (Enzyme Research Laboratories,
South Bend, Indiana, USA), with puri-
fied human pCPB as a standard.

Determination of Plg antigen in plasma.
Quantitative determination of Plg anti-
gen levels in plasma of mice was per-
formed by ELISA using a purified rabbit
polyclonal Ab against murine Plg (cour-
tesy of Tor Ny, University of Umea,
Umea, Sweden), and isolated murine
plasminogen was used for calibration.

Fibrinolysis in vitro. Clots were formed
from 1 ml of human plasma immuno-

depleted of pCPB as described previously (28) to which
50 µl PBS (or PCI), 15 µl of 1 M CaCl2, 15 µl 125I-fib-
rinogen (∼ 5 × 106 cpm), and 3 µl thrombin (0.2 U/ml,
final concentration) were added. The mixture was
placed in a microtiter plate (50 µl/well) and incubated
for 1 hour at 37°C. The wells were emptied, and the
clots were washed twice with PBS. Clot lysis was carried
out using 1 ml of pooled plasma from pCPB+/+ or
pCPB–/– mice containing 50 µl PBS or PCI, 5 µl heparin,
and 25 µl t-PA (1 µg/ml, final concentration). The above
mixture (200 µl/well) was added to wells containing the
clots and incubated for 2 hours. Aliquots (15 µl) were
taken every 20 minutes and counted.

Fibrinolysis in vivo. Lysis of 125I-fibrin mouse plasma
clots from Plg–/–/pCPB–/– mice injected via the jugular
vein was determined as described previously (14) with
the following modifications. A 125I-fibrin plasma clot,
containing 0.1 µCi human 125I-fibrinogen, was pre-
pared from Plg–/–/pCPB–/– mouse plasma and injected
into the jugular vein of mice of the selected genotypes.
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Figure 1
Generation and characterization of pCPB-deficient mice. (a) Design of the gene-targeting
vector. Upon homologous recombination, a mutated pCPB allele was created that con-
tained the neo resistance gene inserted in exon 2. (b) Southern blot analysis of pCPB gene
disruption in ES cells. The 80-mer probe (3 in a) detected an approximately 9-kb fragment
from the wild-type allele, whereas the disrupted allele produced a 4.3-kb fragment after ApaI
digestion of genomic DNA. (c) PCR analysis of mouse tail tip DNA. Mice carrying a mutant
pCPB gene were identified using a neo-specific primer (2a in a) and a primer located with
exon 3 (2b in a). The PCR amplification produced a product of about 3 kb in pCPB+/– and
pCPB–/– mice. Homozygote animals were identified by an additional PCR analysis. An exon
primer pair situated 5′ (1a in a) and 3′ (1b in a) of the neo insertion site amplified a 120-bp
fragment in pCPB+/+ and pCPB+/– animals only. (d) Northern blot analysis of pCPB transgenic
mice. Total RNA was isolated from 6-week-old mouse livers of pCPB+/+, pCPB+/–, and pCPB–/–

animals. Hybridization with a 600-bp random-labeled pCPB DNA fragment revealed a 1.4-
kb band present in pCPB+/+ and pCPB+/– animals, but absent from pCPB–/– animals.



Spontaneous clot lysis was determined by measuring
the residual radioactivity in the heart and lungs ex
vivo 4 hours after injection, and percentage fibrinoly-
sis was defined as the amount of radioactivity that
had disappeared compared with the total amount of
radioactivity injected.

Peritoneal inflammation model. A thioglycollate inflam-
mation model was used as described previously (17). Mice
(n = 7 per group) of the various genotypes were injected
intraperitoneally with 0.5 ml of a 4% Brewer thioglycol-
late medium (Difco Laboratories, Detroit, Michigan,
USA). At 72 hours, the mice were sacrificed by isofluorane
inhalation. The peritoneal cavity was exposed and the
exudate collected by washing the cavity with 4 ml of ster-
ile PBS using an 18-gauge catheter. The peritoneal lavage
fluid was centrifuged (1,500 g, 10 minutes). To remove
erythrocytes, the cell pellet was subjected to hypotonic
lysis. Leukocytes were resuspended in PBS and counted.
Cell counts, performed in triplicate on each peritoneal
exudate sample, were quantified in a hemocytometer.

Statistical analyses. Values were expressed as means plus
or minus SEM. Comparisons were made using student’s
t test and ANOVA when more than two values were com-
pared. P values less than 0.05 were considered significant.

Results
Viability, fertility, and the fibrinolytic function of pCPB-defi-
cient mice. The pCPB-deficient mice were generated
using the targeting vector described in Figure 1. North-
ern blot analysis of RNA prepared from liver of pCPB+/+

mice revealed a pCPB-specific mRNA of approximate-
ly 1.4 kb in wild-type and heterozygote mice, whereas
no mRNA for pCPB or a variant form could be detect-
ed in pCPB–/– mice (Figure 1d). The intensity of the
mRNA band from the heterozygote animals was about
half that in the wild-type animals (by densitometric
scan, 0.85 for wild-type vs. 0.38 for heterozygote, rela-
tive to the mRNA for GAPDH in the same lane).
Should a resplicing event occur in which the neomycin
gene inserted in exon 2 of the targeting vector were
deleted, the resulting mRNA of the mutated pCPB
(minus exon 2) would be approximately 1,250 bp; no
mRNA of this size was detected on the gel (see Figure
1d). In addition, as detailed below, no pCPB activity or

antigen was detected in the plasma of these animals.
Several general parameters of health were evaluated in
the pCPB–/– mice, and all appeared to be normal. Life
expectancy was normal for pCPB–/– mice, with that of
both males and females exceeding 19 months of age.
Gender distribution was also equal among the pCPB–/–

mice. Of 85 pCPB–/– mice analyzed, 39 (46%) were males
and 46 (54%) were females. When pCPB–/– females were
mated to pCPB–/– males, they produced one to three lit-
ters each of 7.7 ± 0.5 mice per litter. This litter size is not
significantly different from that (6.7 ± 0.3) obtained
from wild-type mice of the same genetic background
(C57Bl/6). The pCPB–/– mice exhibit none of the poor
health characteristics of the Plg-deficient mice (14, 42).

In the absence of an overt phenotype, our analyses
were directed to assess the role of pCPB as a modulator
of the functions of Plg. An in vitro clot lysis assay was
performed using plasma from pCPB+/+ or pCPB–/– ani-
mals. In this assay, pCPB-depleted human plasma was
used to make 125I-fibrin clots. The clots were washed
well, and lysis was measured at various time points
after the addition of plasma derived from either
pCPB+/+ or pCPB–/– mice and t-PA. At 60 minutes, the
extent of clot lysis was 52.8% ± 1.8% in the pCPB-defi-
cient plasma compared with 49.0% ± 1.5% in the plas-
ma derived from wild-type mice. Although these dif-
ferences were modest, they were significant (P = 0.03).
When PCI, an inhibitor of pCPB, was added to the plas-
ma, fibrinolysis increased to 52.8% ± 1.8% in the plas-
ma derived from wild-type mice, but did not change in
plasma derived from the pCPB–/– mice (54.2% ± 1.1%).

Generation and characterization of pCPB–/– mice in various
Plg backgrounds. We anticipated that the influence of
pCPB as a modulator of Plg might be most apparent in
mice under conditions when the Plg system was
stressed. Hence, a breeding program was initiated to
obtain pCPB deficiency at variable Plg levels. When
Plg–/– males were mated to pCPB–/– females (F0), they
produced one to three litters of 9 ± 0.4 (Plg+/–/pCPB+/–)
offspring (F1) per litter. These F1 mice were then mated
to their siblings. Of 117 (F2) mice analyzed, 30 (26%)
were pCPB+/+, 56 (48%) were pCPB+/–, and 31 (26%) were
pCPB–/–. This distribution is not significantly different
from the expected Mendelian 1:2:1 ratio, indicating
equal viability at three weeks of age in pCPB+/+, pCPB+/–,
pCPB–/– mice, regardless of Plg genotype. Life expectan-
cy and gender distribution in the Plg/pCPB double-defi-
cient mice were also similar to those found in Plg trans-
genic mice (pCPB deficiency did not rescue the
phenotype observed in Plg–/– mice; they were runted, and
their described health problems persisted) (14).

To determine if there was a difference in plasma Plg
levels among the different pCPB genotypes, a competi-
tive ELISA was performed using a rabbit anti-murine
Plg Ab, and purified murine plasminogen for calibra-
tion. No significant difference was observed in Plg con-
centration between the three different pCPB genotypes
within the same Plg background (Figure 2). Of special
note to the experiments described below, Plg levels in
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Figure 2
Plasma plasminogen levels among mice with different pCPB geno-
types. A competitive ELISA was performed using a rabbit anti-murine
Plg Ab and purified murine plasminogen for calibration. Data are
mean ± SEM from n = 3. WT, wild-type; H, heterozygote; D, deficient.



pCPB+/+, pCPB+/–, and pCPB–/– were not significantly dif-
ferent in the Plg+/– animals (P = 0.86 by ANOVA). As pre-
viously reported (14), Plg–/– mice had undetectable Plg
levels (<0.1 µg/ml, regardless of pCPB genotype).

To determine the concentration of pCPB in the plas-
ma of Plg/pCPB mice, a functional assay was per-
formed. In this analysis, total carboxypeptidase activ-
ity (CPN + pCPB) and PCI-inhibitable activity (pCPB
only) are measured with a chromogenic substrate, and
plasma pCPB levels are determined from a standard
curve using activated pCPB. No significant differ-
ences in pCPB activity levels were observed in pCPB+/+

mice in the three Plg backgrounds, regardless of the
strains used (original Plg animals vs. Plg/pCPB mix).
However, as expected, no CPI-inhibitable carboxy-
peptidase activity was observed in Plg+/–/pCPB–/– mice.
The pCPB levels in plasma of wild-type mice were
twofold lower than those found in human plasma 
(2.0 ± 0.25 µg/ml, n = 3, vs. 4.0 ± 0.5 µg/ml, n = 3,
respectively).The pCPB+/– mice showed intermediate
levels of pCPB (1.25 ± 0.25 µg/ml, n = 3).

In addition, a pCPB ELISA was used to determine
pCPB antigen levels in the plasma of these mice. Using
purified human pCPB as a standard, pCPB levels in the
Plg+/+/pCPB+/+ mice were slightly higher but not sig-
nificantly different from those observed in the
Plg+/–/pCPB+/+ mice (1.9 ± 0.3 µg/ml, n = 4, vs. 1.4 ± 0.2
µg/ml, n = 3, respectively). The same was true in the
pCPB+/– mice in the two different Plg backgrounds 
(0.8 ± 0.2 µg/ml, n = 3, in the Plg+/+ vs. 0.5 ± 0.1 µg/ml, 
n = 3, in the Plg+/–), and these levels were about half those
found in the pCPB(+/+) mice regardless of Plg back-
ground. The pCPB levels in the pCPB–/– mice were simi-
lar to background values of the assay (<0.01 µg/ml).

In vivo fibrinolysis in Plg/pCPB mice. A pulmonary clot
lysis model was used to determine the role of pCPB as a
modulator of fibrinolysis in vivo. This model had been
used previously (15) to show that there was essentially
no fibrinolysis in Plg–/– mice after 24 hours compared
with complete clot lysis in Plg+/+ mice. As shown in Fig-
ure 3a, Plg–/– showed almost no fibrinolysis compared
with its wild-type littermates at 4 hours (2.3% ± 1.1% vs.
47.6% ± 8.9%), consistent with the original report. The
Plg+/– mice exhibited an intermediate level of fibrinoly-
sis between wild-type and deficient mice (20.3% ± 1.5%,
n = 6; P = 0.003 vs. Plg+/+; and P = 0.0007 vs. Plg–/–) at this
time point (Figure 3a).

Knowing that the level of fibrinolysis in the Plg+/–

mice could increase or decrease significantly (i.e., could
approach the level observed in the Plg+/+ or Plg–/– mice),
we determined what effect pCPB levels would exert on
the extent of clot lysis in this model. As shown in Fig-
ure 3b, fibrinolysis significantly increased in mice with
partial (pCPB+/–; 29.3% ± 3.4%, n = 5) or complete defi-
ciency (pCPB–/–; 54.9% ± 3.7%, n = 5) of pCPB in Plg+/–

mice compared with their wild-type counterparts
(pCPB+/+, 20.3% ± 1.5%, n = 6; P < 0.0001, ANOVA) to lev-
els found in Plg+/+ animals. There was also a significant
difference between pCPB+/– and pCPB–/– in the Plg+/–

background (P = 0.0009 by t test), pointing to a gene
dosage effect. Thus, total or even partial deficiency of
pCPB modulated the fibrinolytic activity of Plg.

If our rationale for conducting these experiments in
the Plg+/– mice were correct, i.e., that the reduction in Plg
level would accentuate the effect of pCPB deficiency,
then pCPB deficiency should have less effect on fibri-
nolysis in the Plg+/+ background. Accordingly, the pul-
monary clot lysis assay was performed in the pCPB–/– and
pCPB+/+ mice in a Plg+/+ background. In contrast to the
significant effect observed in the Plg+/– mice, no signifi-
cant difference in fibrinolysis was observed between the
two genotypes in the Plg+/+ mice (43.0% ± 6.42%, n = 4, in
pCPB–/– vs. 49.2% ± 6.46%, n = 4, in pCPB+/+; P = 0.52).

In vivo inflammatory response in Plg/pCPB mice. In addi-
tion to its role in fibrinolysis, Plg facilitates cell migra-
tion (reviewed in ref. 18). A manifestation of this func-
tion is the suppression of monocyte/macrophage
recruitment in Plg–/– mice in response to the intraperi-
toneal administration of the inflammatory stimulus,
thioglycollate (17). We sought to assess whether pCPB
deficiency altered this response. Initially, we determined
if there was a difference in resident leukocyte levels in the
peritoneum among the different Plg/pCPB genotypes. At
time 0 (uninjected mice), the total number of resident
leukocytes in the peritoneum was the same among the
mice regardless of pCPB genotype in a Plg+/– background
(Figure 4a). Also, no significant difference in the levels of
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Figure 3
In vivo fibrinolysis in Plg/pCPB mice. A pulmonary clot lysis model
was used in which a 125I-fibrin clot was injected into the jugular vein
of mice. The injected clot embolized primarily to the lungs and heart,
and these organs were recovered after 4 hours and counted for
radioactivity. The radioactivity in these organs is expressed as a per-
centage of the injected radioactivity to indicate the extent of fibri-
nolysis. (a) Fibrinolysis in Plg transgenic mice. Fibrinolysis in the Plg+/–

mice (n = 6) is significantly different from the Plg+/+ (P = 0.003) and
the Plg–/– (P = 0.0007) mice by t test. (b) Fibrinolysis in Plg+/–/ pCPB
transgenic mice (n = 5–6 mice). *P < 0.0001 compared with pCPB+/+

by ANOVA. A significant difference was also found between pCPB+/–

and pCPB–/– mice in the Plg+/– background (P = 0.0009 by t test).



resident leukocytes was observed between Plg+/+ and Plg–/–

mice at time 0 (Figure 4a). At 72 hours after thioglycol-
late injection, the number of leukocytes in the peri-
toneum of Plg+/+ mice increased three times over basal
levels (28.7 ± 1.62 × 106, n = 8, vs. 9.3 ± 0.56 × 106, n = 3,
respectively; P < 0.0001) (Figure 4b). However, recruit-
ment of leukocytes into the peritoneum of Plg–/– was
severely compromised and was significantly lower than
that observed in the Plg+/+ mice (9.34 ± 0.43 × 106, n = 5,
vs. 28.7 ± 1.62 × 106, n = 8, respectively; P < 0.0001) (Fig-
ure 4b). Also, Plg+/– mice showed levels of leukocyte
recruitment (15.0 ± 1.3 ×106, n = 8) intermediate to those
found in Plg+/+ and Plg–/– mice (P < 0.0001 vs. Plg+/+ and 
P = 0.007 vs. Plg–/–).

Leukocyte recruitment in the Plg+/– background was sig-
nificantly affected by pCPB levels. As shown in Figure 4c,
leukocyte levels in the Plg+/–/pCPB+/– and Plg+/–/pCPB–/–

mice were 23.8 ± 2.1 × 106 (n = 5) and 29.5 ± 2.7 × 106

(n = 8), respectively, compared with 15.0 ± 1.3 ×106 (n = 8)

in the Plg+/–/pCPB+/+ mice (P = 0.0004 by ANOVA) (Figure
4c). Thus, decreased pCPB activity also enhanced the cell
migratory function of Plg.

Discussion
In this study, we have inactivated the mouse pCPB gene
to examine its role in modulating Plg functions in vivo.
The primary approach used to accomplish this objective
was to analyze the effects of different pCPB genotypes
in a compromised Plg background; i.e., in Plg+/– mice
that exhibit intermediate levels of fibrinolysis and cell
migration. It was anticipated that this compromised
background would be the most sensitive to modulato-
ry effects of pCPB on Plg functions. The main finding
of this study is that pCPB regulates primary functions
of Plg in fibrinolysis and cell migration in vivo.

Numerous in vivo studies (30, 31, 33, 43) have shown
that pCPB is an inhibitor of fibrinolysis, which
depends primarily upon its capacity to remove carboxy-
terminal lysines from partially degraded fibrin, there-
by eliminating an amplifying loop for Plg activation
(10, 12). Some in vivo studies using inhibitors (5, 9, 12,
28) have also pointed to a physiological role for pCPB
in regulating the fibrinolytic functions of Plg. To more
directly delineate the role of pCPB in vivo, we generat-
ed mice with an inactivated pCPB gene. Null expression
of pCPB in the mice was confirmed by the absence of
specific mRNA in the liver by Northern blot analysis
and by absence of pCPB activity and antigen in plasma.
The pCPB deficiency did not appear to compromise
embryonic development, viability, or life expectancy of
the mice. No macroscopic anomalies were observed in
the pCPB-deficient mice. While our manuscript was
under consideration, Nagashima et al. (44) reported the
development and characterization of pCPB-deficient
mice. They also did not detect an overt phenotype and
did not observe abnormal responses in these animals
to a number of acute challenges. The similarity in phe-
notype is noteworthy since the targeting vectors used
were quite different. In both studies, plasma derived
from pCPB-deficient mice supported more rapid fibri-
nolysis compared with plasma derived from wild-type
mice in vitro clot lysis assays, but this difference did not
translate into a remarkable phenotype in the animals.
In a preliminary report, Wagenaar et al. (45) also did
not identify a phenotype in pCPB-deficient mice. This
lack of overt effect is consistent with an absence of a
dramatic phenotype in mice lacking PAI-1, another
inhibitor of fibrinolysis (46).

To maximize the potential to detect a role of pCPB in
the regulation of the functions of Plg in vivo, the effect
of different pCPB genotypes on fibrinolysis and cell
migration was studied in a Plg+/– background, where
either positive or negative modulation could be
observed. In a pulmonary clot lysis model (14), Plg+/–

mice showed reduced levels of fibrinolysis compared
with wild-type mice. Partial or total absence of pCPB
increased fibrinolysis in the Plg+/– background to that
found in Plg+/+ mice. pCPB+/– mice showed intermediate
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Figure 4
In vivo inflammatory response in Plg/pCPB mice. A thioglycollate
inflammation model was used in which mice (n = 7 per group) were
injected intraperitoneally with 0.5 ml of a 4% Brewer thioglycollate
solution. Mice were sacrificed, the peritoneal cavity exposed, and
the exudate containing leukocytes was collected and counted. (a)
Resident leukocyte levels in the peritoneum among the different
Plg/pCPB genotypes at time 0 (uninjected mice). Open bars, pCPB
genotypes in a Plg+/– background. (b) Total leukocyte levels in Plg
transgenic mice 72 hours after thioglycollate injection. *P < 0.0001
vs. Plg+/+. Statistical analysis was performed by t test. (c) Total leuko-
cyte levels in Plg+/–/pCPB transgenic mice 72 hours after thioglycol-
late injection. *P = 0.0004 vs. pCPB+/+ by ANOVA. No significant dif-
ference was observed between Plg+/–/pCPB+/– and Plg+/–/pCPB–/–

mice (P = 0.1722) by t test.



levels of fibrinolysis, pointing to a gene-dosage effect
of pCPB in the inhibition of fibrinolysis. pCPB was also
studied with regard to the role of Plg in cell migration.
Leukocyte migration in response to thioglycollate is
severely compromised in the Plg–/– mice (17). In this
model, the predominant cell type present at 72 hours
is the monocyte/macrophage with a small contribution
from lymphocytes. Total leukocyte recruitment to the
peritoneum 72 hours after thioglycollate injection was
increased in pCPB+/– and was enhanced still further in
the pCPB–/– mice in a Plg+/– background to levels found
in Plg+/+ mice. The reduced monocyte/macrophage
response to thioglycollate in Plg–/– mice is not due to
diminished numbers of circulating monocytes (17) and
is likely to be a consequence of the reduced binding of
Plg to the surface of the migrating cells. This interpre-
tation is consistent with the increased association of
Plg with recruited inflammatory cells (47) and candi-
date Plg receptors on leukocytes from leukemic
patients (48). Also, in a bleomycin model of lung injury
(49), inflammatory cell recruitment was altered in the
Plg–/– mice. The role of pCPB in cell migration may
reside in its removal of carboxy-terminal lysines, which
serve as the Plg-binding sites on cell surfaces (28), or in
its suppression of plasminogen activation, which
blunts matrix degradation and the generation of
chemoattractants, including fibrin derivatives (50, 51)
and plasmin, itself (52).

With normal plasma levels of Plg, we found that
plasma from pCPB-deficient mice supported only a
modest increase in fibrinolysis compared with plasma
from wild-type animals in vitro. In similar fibrinolysis
assays using human plasma, neutralization or deple-
tion of pCPB resulted in a more profound acceleration
of clot lysis (28). One possible basis for this difference
lies in the species specificities of the reagents used in
the assays (e.g., human t-PA was used in these assays,
and it activates mouse Plg slowly, compared with
human Plg) (53). However, Marx et al. (7) suggested
that purified mouse pCPB seemed less efficient that
the human protein. Furthermore, no significant dif-
ference in fibrinolysis was observed between pCPB-
deficient and wild-type mice in our in vivo pulmonary
clot lysis assay. In a preliminary report (54), Biemond
et al. also found no difference between pCPB+/+ and
pCPB–/– mice in a pulmonary clot lysis model. Also,
Nagashima et al. (44) found no significant difference
between the pCPB–/– mice and their pCPB+/+ littermates
in a variety of in vivo models. These results contrast
with studies conducted in other animal species in
which neutralization of pCPB was shown to accelerate
fibrinolysis (31, 33). Thus, the possibility must be con-
sidered that pCPB may play a less prominent role in
regulating fibrinolysis in the mouse. Alternatively, it
may be the ratio of pCPB to Plg that is important in
determining its role in regulating fibrinolysis. Assum-
ing that the specific activity of mouse and human
pCPB are similar, the level of pCPB in mouse plasma
is about half that in human plasma, and the effect of

pCPB deficiency became apparent when the level of
mouse Plg was reduced to 50% in the Plg+/– mouse. In
an in vitro fibrinolysis assay similar to that described
in this study, we did not detect significant differences
in the time for clot lysis in plasma from pCPB+/+ or
pCPB–/– mice in the Plg+/– background. Taken together,
these data do not exclude that pCPB deficiency can
lead to an overt defect in the function of Plg in vivo in
an appropriate model but suggest that this model is
likely to be one in which the functions of Plg are
stressed. This is also likely to be the circumstance
under which functions of pCPB become accentuated
in other species as well. In humans, consumption of
Plg can occur during disseminated intravascular coag-
ulation or thrombolytic therapy. Changes in α2-anti-
plasmin, plasminogen activator, or PAI-1 levels also
could distort Plg activation.

In summary, mice lacking pCPB showed no life-
threatening phenotypes. However, the study of alter-
ations in the pCPB gene dosage in a Plg+/– background
delineates a clear physiological role for pCPB as a
modulator of the functions of Plg in vivo. Specifically,
pCPB inhibits the fibrinolytic and cell migratory func-
tions of Plg in a gene dosage–dependent manner. The
pCPB levels vary greatly in humans (55), and such vari-
ations can be a mild risk factor for venous thrombosis
(37, 56, 57) and could influence the response to
thrombolytic therapy. As proposed previously (34, 58),
the regulation of pCPB could present a way of improv-
ing thrombolytic therapy. The absence of a notable
phenotype in pCPB-deficient mice suggests that inhi-
bition of pCPB should not be associated with severe
pathogenic side effects.
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