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1.  ABSTRACT

A number of in vitro and in vivo observations
have implicated plasminogen in contributing to events
associated with diverse physiological and
pathophysiological processes.  The development of gene
knockout technology has led to the generation of
plasminogen deficient mice.  These mice survive to
adulthood and are thus a valuable resource for directly
assessing its role in these processes.  As a result,
fibrinolytic and nonfibrinolytic functions have been
identified from studies in which these mice were
challenged utilizing a number of models that mimic both
normal biological and pathological events.

2.   INTRODUCTION

2.1. Physiological and pathophysiological roles of the
plasminogen dependent pathway

Activation of the primary fibrinolytic system
ultimately results in the proteolytic conversion of the
plasma zymogen, plasminogen (Pg), to the serine protease,
plasmin (Pm) (1).  The formation of Pm and regulation of
its proteolytic activity are mediated by a number of plasma-
and cell-associated components.  The fibrinolytic capacity
of the Pg system is manifested in its ability to bind to
fibrin-rich thrombi and interact with the fibrin-specific Pg
activator, tissue-type plasminogen activator (t-PA) (2).  The
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localization of Pm activity at the site of a developing
thrombus, as well as temporal protection of these proteases
from circulating inhibitors, are critical events in the regulation
of fibrinolysis (1).  Cell surface expression of specific
receptors for Pg and the Pg activators, both urokinase-type
plasminogen activator (uPA) and t-PA, implicate Pm
expression in cell-mediated proteolytic processes, such as
extracellular matrix degradation and directional cell migratory
events (3-6).  These events are potentially involved in
physiological processes associated with wound healing,
embryogenesis, and angiogenesis (7-9).  The observation that
neoplastic cells express elevated levels of u-PA, t-PA, and/or
uPA receptor (uPAR) suggests that this pathway is involved in
pathophysiological events, such as tumor growth and
metastasis (10-13).  Indeed, elevated plasma levels of uPA
and/or uPAR in cancer patients have been shown to be
prognostic markers for poor overall survival (14).  On the other
hand, the identification and characterization of the anti-
angiogenic protein, angiostatin, a protein potentially derived
from host Pg, implicates this protein as a negative regulator of
tumor growth and dissemination (15).  Another molecule
strikingly similar to Pg, apo(a), a protein associated with the
pro-atherogenic lipoprotein, lipoprotein(a), suggests that Pg
may also play a role in regulating atherosclerotic lesion
development (16,17).  Indeed, components of the fibrinolytic
system have been identified in human atherosclerotic lesions
(18,19).  Therefore, aside from the obvious involvement in
controlling thrombus formation and dissolution, plasmin(ogen)
may play a broad and diverse role in a number of physiological
and pathophysiological events.  Direct analyses of the diverse
functions of Pg have recently been initiated through the
development and characterization of Pg-deficient mice.

2.2. Plasminogen structure and activation
The cDNAs for human Pg (HPg) and mouse Pg

(MPg) have been cloned and sequenced (20,21).  There is 76%
conservation at the DNA level between HPg and MPg.  Part of
the HPg genomic DNA, which encompasses 52.5 kb, has also
been cloned and sequenced (22).  The HPg consists of 19
exons, 75-387 bp in length, and 18 introns of type I, type II and
type O (23).  Regulatory elements of the HPg gene are
contained in the nucleotide sequences 5’ and 3’ of the coding
sequence and have been partially identified (22). The HPg
gene is located on chromosome 6q26-q27, while MPg is
located on chromosome 17.

HPg is synthesized as an 810 amino acid residue
polypeptide chain (Figure 1).  MPg contains 2 additional
amino acid residues at positions 543 and 587.  During
secretion, a 19 amino acid residue leader peptide is excised
generating the mature form of Pg, which contains 791 amino
acid residues for the human form and 793 amino acid residues
for the murine form.  The only known post-translational
modifications that occur on HPg are N- and O- linked
glycosylation (24,25) and phosphorylation (26).  For example,
an Asn-linked glycosylation sequence, Asn289-Arg-Thr, is
present on approximately one-half of the HPg molecules, while
an additional site containing O-linked glycan at Thr346 occurs
on all HPg molecules.  Other sites of O-linked glycosylation
have been identified at positions Ser249 (27) and Ser339 (28).
There are 2 potential sites for N-linked glycosylation on
MPg, viz., Asn117 and Asn289.

The conversion of Glu1-Pg to the serine protease
Glu1-Pm is the result of activator-catalyzed cleavage of the
Arg561-Val562 peptide bond, for HPg, and Arg562-Val563 for
MPg, resulting in the generation of a 561 (562 for MPg)
amino acid heavy chain, from the amino-terminus of Pg,
linked by 2 disulfide bonds to a light chain of 230 (231 for
MPg) amino acids (29).  This latter chain, from the
carboxy-terminus of Pg, is homologous to other serine
proteases such as trypsin and chymotrypsin, and contains
the catalytic triad of amino acids (His603, Asp646, and
Ser741) that is the hallmark of a serine protease.  Additional
sites of hydrolysis that are functionally significant are the
result of catalysis by HPm and occur between residues
Lys77 and Lys78 (30), as well as sites within the 77 amino
acid polypeptide itself (31).

Five homologous triple-disulfide-linked peptide
regions, ca, 80 amino acid residues, termed kringles (32),
occur on the heavy chain of HPg and exist in several other
proteins, many of which are clotting and fibrinolytic
proteins (33-37).  The Pg kringles have been shown to be
involved in facilitating protein-protein interactions between
Pg and fibrin(ogen), bacterial cell surfaces (38-40), and
small molecule activation effectors, such as Cl- and omega-
amino acids (41,42).  The specific kringles in Pg implicated
in interactions with effector molecules are kringles 1, 2, 4,
and 5.  These interactions have been shown to be inhibited
by lysine and lysine analogues, with kringles 1 and 4
demonstrating the strongest omega-amino acid binding
sites (43-45).  Further studies, utilizing site-directed
mutagenesis of isolated kringles, have facilitated the
elucidation of the nature of the interactions between the
kringles and lysine-type ligands (46-48).

 2.3. Plasminogen defects in humans
The first documented abnormal HPg (HPg-

Tochigi) was reported in 1978 (49).  This patient suffered
from a history of thrombotic occurrences with 37%
functional Pg activity.  Further studies indicated an active
site defect in which a G→A transition in exon XV of Pg
resulted in an Ala601→Thr substitution near the active site
His603 of the catalytic triad (50,51).  While this protein can
be converted to two-chain Pm, it was found to be inactive.
In vitro studies, utilizing recombinant HPg with a
Pro611→Ile mutation near the active His603 residue, resulted
in a similar effect (F.J. Castellino personal
communication).  The Ala601→Thr type 1 mutation appears
at a high frequency in the Japanese population (2%) and
may be a genetic marker.  While many of these patients
have clinical histories of venous thrombosis, some remain
asymptomatic.  Recently, a few patients with type I Pg
deficiency have been identified (52,53).  These patients
present with ligneous conjunctivitis or pseudomembranous
disease.  Other patients with different homozygous or
compound heterozygote mutations also have been reported
to present with ligneous conjunctivitis and in some cases
occlusive hydrocephalus (54,55).  Due to the limited
number of identifiable patients who have Pg defects leading
to deficiencies of Pm activity and to the variability in the
extent to which these defects are clinically manifested, the
ability to define the role of Pg in a number of physiological
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Figure 1. Primary structure of human plasminogen (HPg).  Plasmin-mediated cleavage of Glu1-Pg at position Lys77-Lys78 results
in the conversion of Glu1-Pg to Lys78-Pg and the release of the activation peptide (AP).  Cleavage by plasminogen activators
occurs at Arg561-Val562 (CS) and results in the conversion of single chain Pg to the two-chain disulfide-linked serine protease,
plasmin (Pm).  The active site of Pm consists of the catalytic triad His603/Asp646/Ser741(*).

processes has been severely limited.  Therefore, mice
deficient for Pg have become a valuable resource for
delineating the role of Pg in the initiation and progression
of a number of biological processes.

3.  DEVELOPMENT AND CHARACTERIZATION
OF PLASMINOGEN DEFICIENT MICE

3.1. Targeted Inactivation of the Murine Plasminogen
Gene
3.1. Targeted Inactivation of the Murine Plasminogen
Gene
Two research groups have successfully inactivated the
murine plasminogen gene utilizing two separate strategies.
One approach (56), replaced a portion of the 3’ end of
intron 14 to intron 17, with the neomycin resistance gene

(neo), resulting in the elimination of exons 15 and 16,
which encode His605 and Asp648 (two of the three amino
acids which make up the catalytic triad) and exon 17
(Figure 2A).  Another approach (57) replaced a 9 kb
portion of the gene, which included 5’ flanking sequences
and the first 2 exons, with the phosphoglycerate kinase
promoter (PGK) – HPRT gene (Figure 2B).  This
replacement resulted in the deletion of the proximal
promoter sequences, exon 1 (the signal peptide), and exon
2 (43 residues of the preactivation peptide).

Deletion of the gene was confirmed in offspring
from the F1 generation utilizing Northern blot of liver
mRNA and plasminogen immunohistochemistry of liver
tissue.  Additional confirmation came from studies
assessing plasminogen antigen and activity in plasma
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Figure 2. Strategies for the targeted inactivation of the
murine plasminogen gene.  Panel A. Replacement a portion
of the 3’ end of intron 14 to intron 17 with the neomycin
resistance gene (neo), resulting in the elimination of exon
15 (E15) and exon 16 (E16), which encode His605 and
Asp648 (two of the three amino acids which make up the
catalytic triad) and exon 17 (E17). Panel B. Replacement of
a 9 kb portion of the murine plasminogen gene, including
5’ flanking sequences and the first 2 exons, with the
phosphoglycerate kinase promoter (PGK)-HPRT gene
resulting in deletion of the proximal promoter sequences,
exon 1 (E1), the signal peptide, and exon 2 (E2), 43
residues of the preactivation peptide.

Figure 3. Histology of tissue from PG-/- mice.   Panel A.
Liver section from an 11 week old PG-/- mouse
immunostained with a murine fibrin(ogen)-specific
antiserum revealing fibrin deposits.  Panel B. H&E stain of
stomach from a 7 week old PG-/- mouse demonstrating a
gastric ulcer.  Loss of normal architecture of the overlying
epithelium is apparent.  Inflammatory cells and excessive
fibrin deposits are evident in the underlying stroma.
Magnification bar is 50 µm for both panels.

samples from these mice.  Surprisingly, a homozygous Pg
deficiency    (PG-/-) was not embryonic lethal with mice
surviving well into adulthood.  A diminished growth rate in
deficient mice shortly after weaning; runtiness and apathic
nature in a few mice; and diminished fertility were reported
(56).  No significant impact on hematological parameters
were observed, which was unlike that reported for mice
deficient for both u-PA and t-PA (UPA-/- : TPA-/-) where it
was demonstrated that these mice suffered severe anemia,
beyond the age of 20 weeks, which was associated with the
development of cachexia (58).

3.2. Spontaneous Phenotypes
3.2.1. Thrombosis

Fibrin deposition was found to occur in a number of
organs with some associated pathological consequences.
Spontaneous fibrin deposition was observed but not to the
same extent in all organs.  Organs targeted in this deficiency
were liver (Figure 3A), lung, pancreas, thymus, adrenal tissue,
ovary and uteri and stomach with associated gastric and
colonic ulcerations (Figure 3B).  The occurrence of gastric and
colonic ulcerations was most likely due to fibrin occlusion of
small blood vessels.  Rectal prolapse, most likely due to fibrin-
mediated vasocclusion, with associated rectal ulceration,
necrosis, inflammation and bacterial contamination, was a
common phenotype in these mice.  It was reported that a small
number of deficient mice demonstrated a significant
enlargement of one or both kidneys which was associated with
distension of the pelvis and urine accumulation.  In this case,
no obvious sign of fibrous adhesions were noted in the
peritoneum (56).  Additionally, studies to determine
fibrinolytic capacity in these mice, through analyzing their
ability to degrade a pulmonary clot, indicated that clot lysis
was significantly delayed in these mice (56).  Reconstitution
with murine plasminogen normalized the thrombolytic
potential indicating that plasminogen plays a critical role in in
vivo fibrin clot dissolution (59).

3.2.2. Growth, Development and Fertility
Little differences in growth and behavioral

development were observed between PG-/- and WT mice (60).
Between 2 and 21 days of age, weight gain and physical
development milestones, i.e., ear detachment, eye opening, and
teeth eruption, were similar.  Differences in physical
development were observed only after 4 weeks of age with less
weight gain and delayed vaginal patency in PG-/- mice.
Behavioral development during 2-21 days of age was similar.
These studies consisted of analyses of the development of
reflexes, reaction to gravitational positioning, neuromotor
ability, motor coordination, locomotor activity, integration of
motor and vestibular systems, olfactory development, and
incidence of audiogenic seizure susceptibility.   Additionally,
this study indicated that there was some alteration in reactivity
in response to stress and in hormone processing and
neuroendocrine regulation.

Ovulation efficiency in young, age-matched WT,
PG+/-, and PG-/- female mice was studied after stimulation with
gonadotropin and indicated a slight, but not statistically
significant, reduction in ovulation efficiency (61).  The
temporal onset of follicular wall rupture after



Plasminogen Deficiency

559

Figure 4. Leukocyte migration in response to thioglycollate in
wild-type, PG+/+ and PG-/- mice.  Cell counts are documented
at the time of peak response for both genotypes.  Reprinted
from Plow, E., Ploplis, V.A., Carmeliet, P., and Collen, D.
(1999) Plasminogen and cell migration in vivo in Fibrinolysis
& Proteolysis, Vol. 13 pp. 49-53, with permission from
Churchill Livingstone.

stimulation with gonadotropin was also studied and indicated
that ovulation was not delayed in PG-/- mice.  Histological
analyses of ovaries indicated that there were no abnormalities.
Additionally, physiological ovulation, which is controlled by
endogenous gonadotropin, also supported a lack of effect on
ovulation efficiency in PG-/- animals.

Although ovulation efficiency in PG-/- mice was not
significantly different than that observed in WT mice, a
significant percentage of PG-/- female mice failed to become
pregnant with the severity dependent on the extent of the
C57BL6 strain background (62).  Lactational competence has
also been shown to be significantly diminished with 75% of
PG-/-, backcrossed 10 generations into the C57BL6 strain,
unable to sustain lactation for 10 days.  Those that were able to
sustain lactation over this time period, as well as those that
failed to lactate, demonstrated histological abnormalities of
their mammary glands.

Mammary gland remodeling during involution was
also different in PG-/- mice, relative to that in PG+/- and WT
mice, with a proportionate reduction in median gland mass,
after 5 days of involution which was significantly less severe in
PG-/- mice.  Additionally, the histology of involuting
mammary glands was also markedly different in these mice
with no evidence of fibrin accumulation in PG-/- mammary
glands compared to WT mice.

3.3. Induced Phenotypes
3.3.1. Inflammation and Infection

A direct assessment of the inflammatory response
was made in PG-/- mice utilizing the inflammatory stimulant,
thioglycollate (63).  While the kinetics and extent of early
neutrophil recruitment into the stimulated peritoneal cavity was
similar to that observed in WT mice, macrophage and
lymphocyte recruitment were severely compromised (Figure
4).

Many studies have indicated that pathogens utilize
host Pg to invade and degrade tissue barriers.  Other studies
have shown that some gram-positive streptococci and Yersinia
activate Pg with their endogenous activators (64,65).  In order

to delineate the role of Pg in various stages of the infection
process, a number of infectivity studies have been performed
in PG-/- mice.

Analyses of the effect of host Pg deficiency on
the infectivity of relapsing Borrelia fever indicated a
decreased spirochetal load in the brains of these mice
relative to WT mice (66).  However, this deficiency did not
appear to affect cutaneous tissue to blood penetration
indicating a selective use of this protein during the
infection process.

Studies of erythrocytes infected with human
(Plasmodium falciparum) and murine (Plasmodium
chabaudi) malaria parasites have identified Pg activator
activity that is not observed in uninfected cells (67).
Additional studies have shown that serine protease
inhibitors and antibodies to uPA inhibit the rupture of these
cells by malaria parasites.  Surprisingly, studies in mice
deficient for components of the fibrinolytic system (uPA,
tPA, Pg, uPAR) have shown that these proteins are not
required for the erythrocytic life cycle of this pathogen
(Table 1) (68).

It has been demonstrated that Group A
streptococci can acquire surface-associated Pm-like activity
when incubated with human plasma (69).  Further studies
have shown that the a1a2 repeats of PAM, a M-like surface
protein present in Group A streptococci, contains a strong
binding site for HPg which is mediated by the kringle 2
domain of HPg.  As a result of this interaction, and coupled
with the presence of the bacterial-derived HPg activator,
streptokinase, HPm is generated on the cell surface (70)
which can provide the proteolytic activity required for
invasion into host tissue.

Additional studies have been performed on the role
of Pg in the virulence of the gram-negative bacteria Yersinia
pestis, which is the causative agent of plague.  A number of
strains of this pathogen produce a cell surface-associated Pg
activator that appears to play an important role during the
systemic infection stage (65).  Studies in PG-/- mice
demonstrated an increased resistance to this organism, which
corresponded to an increase in LD50 of about 100-fold (71).
This would indicate that Pg plays a major role in the
pathogenicity of Yersinia pestis.

3.3.2. Vascular Remodeling
3.3.2.1. Arterial Remodeling after Electrical Injury

A number of studies have indicated that
components of the fibrinolytic system play a role in smooth
muscle cell migration (72-74).  Arterial intimal thickening
during vascular remodeling after injury involves smooth
muscle cell proliferation in the media and migration across
the internal elastic lamina into the intimal compartment,
where deposition of extracellular matrix protein occurs and
contributes to luminal stenosis (75,76).  In order to determine
whether Pg plays a role in this repair process, neointima
formation was evaluated in PG-/- mice following electrical
injury of the femoral artery (77).  In this model, destruction
of medial smooth muscle cells and denudation of the intimal
endothelial cells occurs at the site of injury.
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Table 1. Responses to Murine Malaria P. vinkei in Mice Deficient for Components of the Fibrinolytic System
Parasite Mouse Genotype Number Time to >50% parasitemia (days) Survival
P. vinkei WT 12 7.6 ± 0.6 0/12

PG-/- 12 8.0 ± 1.1 0/12
UPA-/- 12 7.5 ± 0.5 0/12
TPA-/- 6 7.5 ± 0.5 0/6
UPAR-/- 6 7.2 ± 0.4 0/6

A transient platelet-rich thrombus is also formed.  In PG-/-

mice, the wound healing process is significantly impaired
with delayed necrotic debris removal, reduced
inflammatory cell infiltration and smooth muscle cell
accumulation, and a decreased neointima.  However,
smooth muscle cell proliferation and reendothelialization
were similar for both genotypes.  Results from this study
support a role for Pg in vascular wound healing following
electrical injury, most likely by affecting cellular migration.

3.3.2.2. Transplant Atherosclerosis
Since a Pg deficiency results in reduced

inflammatory recruitment and diminished smooth muscle
cell migration, as demonstrated in various models, the
effect of this deficiency on other vascular injury/repair
models has been investigated.  A number of models that
mimic some of the clinical phenotypes of atherosclerosis
have been employed.

The molecular mechanisms associated with
transplant arteriosclerosis (arterial graft disease) are poorly
understood but this disease is believed to be initiated by an
immune reaction to donor graft antigens (78,79).  It has
been observed that host inflammatory cells invade the
donor blood vessel producing cytokines and chemotactic
agents that result in vascular smooth muscle cell
proliferation and migration (78-80).   In order for these
inflammatory and smooth muscle cells to migrate through
tissue barriers, cell surface-associated proteases are
required.  Potential candidates are proteins associated with
the fibrinolytic and metalloprotease systems.  However,
their role in transplant arteriosclerosis had not been
conclusively delineated.

A mouse model of transplant arteriosclerosis has
been developed and involves the grafting of a carotid artery
from a donor mouse onto a recipient mouse with
histoincompatibility in the H-2 region (81).  Studies
performed in PG-/- mice demonstrated diminished
adventitial and medial inflammation, retarded elastic
laminae degradation, reduced media necrosis, and
suppressed smooth muscle cell proliferation and migration
into the intimal compartment (82) relative to WT mice.

Another study utilized a model of vein graft
stenosis.  This study involved the grafting of a segment of
the left external jugular vein to the left (ipsilateral) carotid
artery in PG-/- and WT mice (83).  In contrast to the arterial
transplant model, results from this study indicated that
there were no significant differences in neointima
formation in patches 20 days after surgery between PG-/-

and WT mice.  However, there was a higher proportion of
CD45 cells in the neointima of the venous patch from PG-/-

mice relative to WT mice.  This may be due to an inability
of these leukocytes to penetrate the elastin- and collagen-
rich neointima that is formed rapidly resulting in an
entrapment of these cells.

3.3.2.3. Apo E-/- : PG-/-

A number of mice models have evolved that
attempt to differentiate specific mechanisms associated
with the development and progression of atherosclerosis
(84,85).  Transgenic and gene knock out mice have been
generated in which genes that regulate the atherosclerotic
process have been altered i.e., apo E and LDL receptor
(LDLR) (86,87).  These mice, when placed on high fat
diets, develop hypercholesterolemia and spontaneous
atherosclerotic lesions.

A study investigating the effect of Pg deficiency
on the development of atherosclerosis in apo E-/- mice (PG-

/- : apo E-/-) demonstrated that the absence of Pg accelerated
lesion development in the proximal and distal aorta relative
to apo E-/- mice (88).  Results from this study suggest that a
Pg deficient state amplifies the atherosclerotic process in
the context of other underlying atherogenic conditions.

3.3.2.4.Vascular Cuffs
Vascular remodeling, which has been described

for pathologies such as atherosclerosis and restenosis,
involves extracellular proteolysis.  A model of vascular
remodeling utilized polyethylene cuff placement around
arteries.  In this model inflammatory cell recruitment into
the vessel wall occurs shortly after cuff placement (89).
Inhibition of inflammation in this model with
dexamethasone resulted in significantly reduced neointima
formation in rabbit carotid arteries (90).  These results
suggest that in this model the inflammatory response plays
a significant role in neointima formation associated with
vascular remodeling.

Since studies have implicated Pg in extracellular
matrix proteolysis and the inflammatory response, an
investigation of the role of plasmin(ogen) in vascular
remodeling after placement of polyethylene cuffs was
performed in PG-/- mice (91).  Histological and
morphometric analyses were performed 2, 5, 14, and 28
days after cuff placement.  The results indicated that
inflammatory response, elastic lamina degradation, and
neointima formation were similar between WT and PG-/-

mice.  However, focal medial atrophy was apparent in PG-/-

mice which was also evident in PG-/-/FG-/- mice implicating
a fibrin-independent function of Pg that mediates in
preventing medial atrophy following injury.  Medial
compartment enlargement did not occur in PG-/- mice but
did occur in PG-/-/FG-/- mice implicating fibrin as an
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impediment for enlargement.  The presence of unresolved
fibrin in the adventitia of PG-/- mice may act as a physical
barrier to expansion/remodeling following injury.  These
studies indicate that plasmin(ogen) plays a role in vascular
remodeling events and that fibrinolysis may  be an important
contributory event during the repair process.

3.3.2.5. Endoluminal Arterial Injury
Another vascular injury model utilized a flexible

guidewire to initiate injury to the luminal surface of carotid
arteries in PG-/- and WT mice (92).  Shortly after injury,
denudation of the endothelial intimal layer, exposure of the
internal elastica lamina, disruption of the medial layer of
smooth muscle cells, and attachment of platelets and
leukocytes were observed.  Three weeks post-injury, increases
in the adventitial, medial, and intimal layers were observed in
WT mice arteries but only a slight increase in medial and
intimal compartments was observed in PG-/- arteries.  No
increase in adventitial compartment was observed in PG-/-

arteries, consistent with a diminished inflammatory response.
Compensatory dilation of the lumen was observed in response
to injury in WT arteries but not PG-/- arteries.  Dilation may be
the result of infiltrating leukocytes or Pm-mediated activation
of TGF-β.  Unresolved medial thrombus was evident in PG-/-

arteries and not in WT arteries consistent with the fibrinolytic
function of Pg.

The conflicting observations in these vascular injury
models may be the result of different methods used to induce
injury and resultant diverse mechanisms initiated after injury
during the repair process.  This would suggest that vascular
remodeling events are complex and multifactoral.

3.3.3. Wound Healing
3.3.3.1. Skin Injury

Pg has been implicated in playing a role in the
degradation of extracellular matrices, a physiological event
essential for tissue remodeling such as wound healing of the
skin.  This process involves the formation of a fibrin-rich
provisional matrix at the site of the wound, infiltration of
inflammatory cells, proliferation and migration of
keratinocytes at the wound edges, and formation of granulation
tissue.  Since fibrin is a major component of the skin wound
healing process and keratinocytes express components of the
fibrinolytic system (93-97), Pm is also a likely player during
this process.  In order to directly determine if Pg plays an
active role during skin wound healing, studies were performed
in PG-/- mice (98).  For this study, incisional wounds were
made in PG-/-, PG+/-, and WT control mice and examined at 2
to 7 day intervals.  While cell migration and tissue remodeling,
in general, were not compromised as evident by the infiltration
of inflammatory cells, formation of granulation tissue, and
neovascularization within the wound field, keratinocyte
migration from the wound edges was impaired in PG-/- mice.
This was most probably due to an inability to degrade the
fibrin provisional matrix since healing times were corrected in
PG-/-/FG-/- mice (99).

3.3.3.2. Corneal Injury
Corneal wound healing was studied in PG-/- mice

utilizing a excimer laser photorefractive keratectomy injury
model (100).  This study assessed fibrin resolution and

restoration of clarity following injury.  It is thought that corneal
repair is dependent on a balance between provisional matrix
deposition immediately following injury, its resolution, and
ultimate re-epithelialization.  Eyes were examined over a 21
day period following injury.  Re-epithelialization was rapid
and complete within 3 days for both WT and PG-/- mice.
Corneal fibrin(ogen) was extensive in PG-/- mice on days 1 and
3 following injury but sparse in WT mice.  Fibrin ultimately
resolved in WT mice but persisted in PG-/- mice over the 21 day
period contributing towards corneal opacity and scarring.

Another study of corneal injury/repair in PG-/- mice
utilized a blade to create corneal epithelial defects (3 mm)
(101).  Corneal epithelial defects healed quickly in WT mice
with the generation of a transparent cornea.  In PG-/- mice the
healing process was impaired and complicated by a severe
inflammatory response, corneal opacity, due to unresolved scar
tissue and fibrin deposition, and stromal neovascularization.
Similar studies in PG-/-/FG-/- mice restored a normal healing
process.

Results from both of these studies indicate that Pm
plays a role in corneal tissue repair processes through its
fibrinolytic capacity in removing injury-induced provisional
fibrin matrices.

3.3.3.3. Liver Injury/Repair
 Key events in liver regeneration are cellular

proliferation and tissue remodeling which would involve
matrix protein degradation.  An earlier study, utilizing partial
hepatectomy of UPA-/- mice, indicated that hepatocyte
proliferation was diminished relative to WT mice resulting in
transiently impaired liver regeneration (102).  Since matrix
degradation is an important event in remodeling after acute
injury and Pg has been implicated in matrix protein
degradation, either directly or through activation of other
proteolytic pathways, a study of liver regeneration after acute
injury was performed utilizing PG-/- mice (103).  For this study,
carbon tetrachloride was used to induce an acute liver injury in
PG-/- and WT control mice.  Two days after injury, WT and PG-

/- livers looked diseased and similar with a pale lacey
appearance.  At day 7 only the WT liver was restored to
normal.  PG-/- livers remained diseased as long as 2.5 months
after injury and demonstrated a persistent damage to
centrilobular hepatocytes.  Unlike UPA-/- mice, these
unresolved lesions were not due to alterations in cellular
proliferation.  While fibrin deposits persisted for at least a
month in the centrilobular areas of PG-/- mice, PG-/- mice in a
FG-/- background did not correct the extended disease state.
This study indicates that Pg plays an important role in
remodeling events following acute liver injury possibly
through direct or indirect mechanisms of degradation of
necrotic tissue.

3.3.3.4. Cardiac Injury
Early cardiac wound healing events involve

recruitment of inflammatory cells to the site of injury and
degradation of extracellular matrix protein and necrotic
cardiomyocytes (104).  Studies have indicated that likely
candidate proteases that facilitate inflammatory cell migration
into the wound are Pm, MMPs, and cathepsin (105).
Additional studies have shown that mice lacking MMP-9 or
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uPA have reduced inflammatory cell recruitment to the site of
cardiac injury and are protected against cardiac rupture (106).

Since Pg is a substrate for uPA and Pm can activate
MMP-9, a study to determine if Pg plays a direct role in
cardiac wound healing following induction of myocardial
infarction (MI) was performed (107).  For this study
myocardial infarction was induced in PG-/- and WT mice by
permanent ligation of the main left coronary artery (108).
Structural analyses were performed 1, 2, and 5 weeks after
infarction.  Left ventricle (LV) function, measured by cardiac
output and LV pressure development, was assessed 2 weeks
after infarction.  Infarct healing, the result of infiltration of
macrophages, (myo)fibroblasts, and endothelial cells, was
abolished in PG-/- mice for at least 5 weeks after MI.  As a
result, necrotic cardiomyocytes were still evident and the
formation of granulation tissue and fibrous tissue did not occur.
Both MMP-2 and MMP-9 activity, MMPs that can be
activated by Pm, were diminished in the infarcted heart
implicating a role for these proteases in cardiac healing
responses.  Additionally, architectural changes in the left
ventricle were similar in PG-/- and WT mice except for a less
pronounced thinning of the infarcted wall in PG-/- mice, most
likely due to a persistent presence of necrotic myocardiocytes.
Surprisingly, LV function was attenuated only slightly in PG-/-

mice.  Results from these studies indicate that Pg plays a role
in cardiac wound healing events and support its involvement in
other wound healing processes.

3.3.4. Excitotoxin-Induced Neurodegeneration
Components of the fibrinolytic system, i.e., tPA and

Pg, have been implicated in neuronal death in the hippocampus
after exposure to excitatory amino acids.  Studies in TPA-/-

mice demonstrated a resistance to neuronal death induced by
excitotoxins acting through all 3 glutamate receptors (kainate,
AMPA, and NMDA) (109), directly implicating this protein in
excitoxin-mediated neuronal death.

While the liver is the primary source of Pg, it is also
produced in the hippocampus, a region in the brain that is
particularly sensitive to neuronal death (110).  Since both tPA
and Pg co-localize in the hippocampus these two proteins have
been implicated in mediating degeneration.   In order to
determine if Pg is a substrate for tPA during neuronal
degeneration, studies were performed in PG-/- mice to assess
resistant to excitoxin-induced neuronal death (111).  For this
study, PG-/- mice were injected with the glutamate analog
kainate into the hippocampus and neuronal survival
determined 5 days later.  Resistance to excitotoxic injury in
PG-/-  mice was found to be equivalent to that observed for
TPA-/- mice.  Additionally, studies infusing α2-antiplasmin
(AP) into kainate-challenged WT mice resulted in resistance to
neuronal death, therefore, directly implicating Pm in
promoting hippocampal excitotoxic neuronal death.  To
determine if the protective mechanism is fibrin-dependent,
similar studies were performed in PG-/-/FG-/- mice (112).
These mice were equally resistant to excitoxin-induced
neuronal degeneration implicating other Pm substrates in this
process.  The candidate substrate that appears to be involved in
this process has been identified as laminin.  This protein, which
is expressed in the hippocampus, disappears after excitoxin
injection just before neuronal death (113).  Laminin

degradation was shown to be blocked in TPA-/- mice, after
excitoxin challenge, or by infusion of a Pm inhibitor in WT
mice.   These studies suggest that sensitization to excitoxin-
mediated hippocampal neuronal death is mediated through
tPA/Pm catalyzed disruption of neuron-laminin interactions.

3.3.5. Axonal Degeneration and Demyelination
Since studies have indicated that tPA/Pm

contributes to excitotoxin-induced neuronal death, most likely
through degradation of laminin and resultant disruption of
neuron/extracellular matrix interactions, analysis of a role for
Pg in inflammatory neuronal degeneration was made.  In this
study the sciatic nerve was injured in PG-/- mice and WT
control mice (114).  Axonal demyelination was found to be
exacerbated in PG-/- mice relative to WT mice.  Axonal
damage correlated positively with an increase in fibrin(ogen)
deposition.  Elimination of fibrinogen in PG-/- mice
ameliorated axonal degeneration and suggests that fibrin is the
Pm substrate during inflammatory axonal damage.

3.3.6. Cerebral Ischemic Infarction
It has been demonstrated that focal cerebral

ischemia induced by middle cerebral artery occlusion is
associated with excitoxin-mediated neuronal degeneration.
Additionally, administration of tPA has been shown to
exacerbate ischemic infarct size whereas a deficiency of tPA
resulted in a reduced ischemic infarct size (115).  These
observations would suggest a role for tPA/Pm in events
associated with cortical ischemic neuronal degeneration.  In
order to determine if Pg plays a role in focal cerebral ischemic
infarction, the left middle cerebral artery in PG-/- mice was
ligated and the infarct size quantitated 24 hrs later (116).
Relative to WT controls, focal cerebral infarct size in PG-/-

mice was significantly larger.  Similar studies in alpha 2–
antiplasmin deficient (AP-/-) mice resulted in smaller infarcts.
Since the total fibrin burden was much larger in PG-/- mice
than in AP-/- mice, it has been suggested that an alteration in
hemostatic balance in PG-/- mice results in a transient increase
in intravascular fibrin deposition in the penumbra of the
infarct.

3.3.7. Cancer Growth and Metastasis
3.3.7.1. Lewis Lung Carcinoma

The proteolytic degradation of extracellular
matrix barriers by tumor cells has been identified as the
first event in processes of invasion and angiogenesis of solid
tumors (117).  Localization of uPA activity on the cell
surface, through its’ interaction with uPAR, has been shown
to be vital to the invasive capacity of several tumor cells and
inhibition of this interaction can cause tumor cells to become
dormant (118).  For example, in experiments performed on
nude mice, down-regulation of uPAR expression, using
antisense vectors in a transplanted glioblastoma model,
successfully inhibited tumor formation (119).   Increased
uPA activity has been reported in the more malignant
phenotypes of astrocytoma (120).   Clinically, it has been
demonstrated that uPA, uPAR, and PAI-1 are elevated in
patients with kidney cancer and these levels correlate with its
aggressive phenotype (121). Additionally, elevated levels of
uPAR appear to be a marker of poor prognosis in colorectal,
breast, and squamous cell carcinomas (122-124).  Studies in
UPA-/-
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Figure 5. Hydroxyproline content in lungs 14 days after
saline (white boxes, n=3) or bleomycin treatment (black
boxes) of WT (n=4) and PG-/- (n=5) mice.  Values are
means ± SE performed in duplicate.

mice, utilizing dimethybenz(a)anthracene and croton oil,
indicated a delay in the induction of primary cutaneous
melanocytic neoplasia (125).  Other studies in UPA-/- and
PAI-1-/- mice, utilizing T241 fibrosarcoma tumor model,
indicated that host expression of these proteins are essential
for primary tumor growth (126).  In order to investigate a
direct role for Pg in the growth and dissemination of
tumors, studies utilizing Lewis Lung Carcinoma in PG-/-

mice were performed (127).  While primary tumors were
smaller, less hemorrhagic, and demonstrated reduced skin
ulceration in PG-/- mice, primary tumors developed in both
PG-/- and WT control mice with no difference in the rate of
appearance.  Additionally, dissemination to regional lymph
nodes were delayed in PG-/- mice relative to WT control
mice but there were no quantitative differences in lung
metastasis.

3.3.7.2. Polyoma Virus Middle T Antigen-Induced
Mammary Carcinoma

In order to determine if host Pg plays a role in
mammary tumor growth and metastasis, PG-/- mice were
crossed with transgenic mice expressing Polyoma middle T
antigen under the control of the mouse mammary tumor
virus long terminal repeat (128).  Well-differentiated
adenocarcinomas developed equivalently in PG-/- and
transgenic mice and no obvious histological differences
were observed.  However, lung metastasis was significantly
reduced in PG-/- mice.

Results from both of these studies would indicate
that tumor type, location of growth and dissemination, and
involvement of other proteolytic pathways could potentially
dictate whether or not Pg is a contributing factor.

3.3.8. Glomerulonephritis
Fibrin deposits are observed in the glomerulus in

severe proliferative and crescentic forms of human
glomerulonephritis (GN).  Since the glomerulus is
particularly susceptible to injury induced by fibrin deposits,
renal function is severely compromised (129).  Also
associated with these forms of GN are the accumulation of
T cells and monocytes and cross-linking of fibrin within the
Bowman’s space and in the glomerular tuft.  As a result of
the chemotactic effects of fibrin, macrophages accumulate

in the Bowman’s space and this accumulation of
macrophages and fibrin form the hallmark crescent
appearance of this disease (130-132). Dysregulation of the
fibrinolytic system has been demonstrated in experimental
crescentic GN and in human GN (133,134).  Little is
known of the protective effect of Pm in preventing
glomerular fibrin deposition in crescentic GN.  In order to
directly investigate the role of Pg in immune initiated
glomerular injury, proliferative GN was induced in PG-/-

mice (135).  This model consisted of planting sheep anti-
mouse GBM globulin in the glomeruli of mice previously
sensitized to sheep globulin.  Animals are then studied 10
days after the anti-GBM globulin injection.  In WT mice,
this results in a rapidly, progressive GN with renal
impairment.  A deficiency of Pg resulted in a severe
functional and histological exacerbation of glomerular
injury and supports the role of this protein in protecting the
glomerulus from acute inflammatory injury.

3.3.9. Pulmonary Fibrosis
Studies have shown that acute and chronic pulmonary

diseases are associated with impaired fibrinolytic activity
within the lung.  However, the specific role of the fibrinolytic
system during lung injury and repair is unknown.

The chemotherapeutic drug, bleomycin, has been used
as an agent for inducing acute lung injury in a number of
animal models (136).  Intratracheal administration of
bleomycin in rodents results in inflammatory and fibrotic
responses similar to what has been observed in patients with
pulmonary fibrosis (137).  Studies in PAI-1 overexpressing
mice, challenged with bleomycin, demonstrated enhanced
collagen deposition in the lungs relative to WT mice while a
deficiency of PAI-1 resulted in collagen levels equivalent to
PBS-treated WT controls (138).   Additional studies have
shown that treatment with uPA in bleomycin-treated rats and
mice results in diminished collagen deposition (139,140).
These studies implicate a role for the fibrinolytic system in
regulating the pathologies associated with the repair process
following acute lung injury.  Studies in bleomycin-treated PG-/-

mice demonstrated enhanced collagen deposition relative to
WT controls (Figure 5) (141).  While fibrin co-localized with
collagen in fibrotic lesions, studies in FG-/- mice indicated that
its presence was not essential for the development of fibrotic
lesions (Figure 6) (142,143).  Additionally, while a pulmonary
hemorrhagic phenotype developed in WT mice this was not
observed in PG-/- mice.  This may be the result of diminished
macrophage recruitment and activation of MMP-12 in the
lungs of PG-/- mice relative to WT mice.

These studies support a role of the fibrinolytic
system in events associated with the repair process following
acute lung injury.

4. PERSPECTIVES

Indirect studies have implicated a critical role for
Pg in hemostatic as well as nonhemostatic events, the latter
of which involves cell migratory and tissue remodeling
processes including early developmental processes such as
spermatocyte migration, ovulation, and trophoblast
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Figure 6. Masson’s trichrome stain of lung tissue from WT (A) and FG-/- (B) mice 14 days after intratracheal administration of
bleomycin.  Collagen deposits (blue) are evident within the fibrotic lesions (original magnification 200X).

invasion during embryogenesis.  Therefore, it was
surprising that PG-/- mice survive to adulthood, are fertile,
and carry a litter to full term.  As a result, a number of
direct studies in PG-/- mice have served to confirm or to
question the relative importance of this protein in a number
of physiological and pathophysiological events.  While it
has been demonstrated that Pg plays an important role in
maintaining vascular patency by resolving fibrin clots, a
deficiency does not necessarily lead to an immediate and
life-threatening event.  This has also been demonstrated
clinically where PG-/- humans have been identified by
presenting with other overt phenotypes such a ligneous
conjunctivitis.  Nevertheless, studies in PG-/- mice have
identified a strong relationship between Pg and fibrin(ogen)
in not only hemostasis but also in cell migratory and tissue
remodeling processes.  Additionally, other fibrin(ogen)-
independent mechanisms have also been revealed from
studies with these mice and indicate that the substrate
specificity of Pm in vivo is more diverse.  As a result of
these studies with mouse models of Pg deficiency, the
pathophysiology of this defect in humans can be more fully
appreciated.
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