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Abstract

A critical role of the coagulation system in the development
of atherosclerosis has been frequently postulated based on a
variety of indirect observations, including the expression of
procoagulants and fibrinolytic factors within atherosclerotic
vessels, the presence of substantial amounts of fibrin(ogen)
and fibrin degradation products within intimal lesions, the
cellular infiltration and assimilation of mural thrombi into
developing plaques, and the identification of high plasma fi-
brinogen (Fib) levels as an independent risk factor for the
development of ischemic heart disease. To directly examine
the role of fibrin(ogen) in atherogenesis, Fib-deficient mice
were crossed to atherosclerosis-prone apolipoprotein E (apo
E)-deficient mice. Both apo E~~ and apo E~'~/Fib~'~ mice
developed lesions throughout the entire aortic tree, ranging
in appearance from simple fatty streaks to complex fibrous
plaques. Furthermore, remarkably little difference in lesion
size and complexity was observed within the aortae of age-
and gender-matched apo E~/~ and apo E~~/Fib~'~ mice.
These results indicate that the contribution of fibrin(ogen)
to intimal mass and local cell adhesion, migration, and pro-
liferation is not strictly required for the development of ad-
vanced atherosclerotic disease in mice with a severe defect
in lipid metabolism. (J. Clin. Invest. 1998. 101:1184-1194.)
Key words: atherosclerosis « fibrinogen « fibrin degradation
products « apolipoprotein E

Introduction

The prompt and concerted action of both specialized blood
cells (platelets) and hemostatic factors enables vertebrate ani-
mals to withstand minor vascular injuries and survive severe
vascular trauma. However, there is also an ominous danger as-
sociated with maintaining an effective hemostatic system: the
formation of an occlusive blood clot within a cerebral or coro-
nary vessel is a leading cause of morbidity and mortality world-
wide. Interestingly, hemostatic factors may also contribute in
more subtle ways to disease pathobiology. A substantial
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amount of indirect evidence suggests that hemostatic factors
may play a critical role in the early progression of atheroscle-
rotic disease that generally precedes and predisposes to debili-
tating or fatal arterial vaso-occlusion (1, 2).

Fibrin has been recognized as a major component of ath-
erosclerotic lesions for over a century (3), and the location,
level, molecular forms, and biological activities of fibrin(ogen)
and fibrin(ogen) degradation products (FDPs)! within athero-
sclerotic tissue have been well characterized (4, 5). Local fi-
brin(ogen) deposition and dissolution appear to be features of
both early and advanced lesions, a finding that is consistent
with the fact that the majority of the cell types participating in
lesion formation (e.g., platelets, monocyte/macrophages, en-
dothelial cells, and smooth muscle cells [SMCs]) are known to
express a variety of procoagulants and/or fibrinolytic factors
(6-9). A role of the coagulation system in atherosclerosis is
also consistent with prospective epidemiological studies that
have identified high plasma fibrinogen (Fib) concentration as
an independent risk factor for ischemic heart disease (10, 11).
Fibrinogen concentrations elevated just 20% (one standard
deviation) above the mean value of 2.9 mg/ml are associated
with a 1.8-fold increase in the risk for ischemic heart disease
over a 5 yr period (12). Relatively small changes in fibrinogen
levels may be biologically significant in that kinetic models for
fibrin generation in plasma predict that elevating plasma fibrino-
gen concentration by 20% would produce a similar percentage
increase in the mass of fibrin clots (13). Hyperfibrinogenemia
may also increase fibrin stability by reducing plasminogen
binding to fibrin matrices (14). Therefore, one attractive expla-
nation for the association of increased plasma fibrinogen con-
centration and ischemic heart disease is that larger and more
persistent vascular thrombi may both accelerate atheroscle-
rotic lesion development and increase the risk of vaso-occlu-
sive events.

Accumulated fibrin within the vessel wall may influence le-
sion development by several potential mechanisms. First, fi-
brin might drive atherosclerosis by merely contributing to the
total mass of extracellular matrix associated with developing
intimal lesions. This contribution might be particularly signifi-
cant following the fissure of unstable plaques and the subse-
quent formation and organization of mural thrombi (15). Sec-
ond, fibrin(ogen) may serve as a key adhesion molecule,
promoting the local capture or stabilization of circulating
platelets and inflammatory cells (16, 17). Third, fibrin matrices
may support the local proliferation and migration of inflamma-
tory and smooth muscle cells (18, 19). Finally, plasmin-gener-
ated FDPs produced within atherosclerotic lesions may also be
biologically significant in lesion progression. Specific FDPs ex-
tracted from human atherosclerotic tissue appear to have both

1. Abbreviations used in this paper: FDPs, fibrin degradation prod-
ucts; Fib, fibrinogen; SMCs, smooth muscle cells.



mitogenic and angiogenic activities, properties that may con-
tribute to atherogenesis in vivo (20-22).

The recent generation of gene-targeted mouse lines predis-
posed to severe atherosclerosis as a consequence of specific
deficiencies in apolipoproteins or their receptors (23), coupled
with the availability of mice with selected deficits in key hemo-
static factors (24-26), has provided an opportunity to directly
test the importance of specific coagulation and fibrinolytic fac-
tors in atherosclerosis in vivo. One mouse line that is particu-
larly attractive for studying atherosclerosis is apolipoprotein E
(apo E)-deficient mice. Even on a standard low fat diet, these
mice develop widespread arterial lesions that progress with
age from simple fatty streaks to complex fibrous plaques with
many of the features of human atherosclerotic disease (27, 28).
To directly determine the role of the key hemostatic factor, fi-
brin(ogen), in atherogenesis, we have compared the progres-
sion of vessel wall disease in apo E~/~ mice carrying plasma fi-
brinogen with apo E~'~ mice lacking fibrinogen. We report
that total fibrin(ogen) deficiency is compatible with the devel-
opment of advanced atherosclerotic disease in mice, and, at
least in the context of a profound defect in lipid metabolism,
the total absence of clotting function has surprisingly little im-
pact on the rate of atherosclerotic lesion progression.

Methods

Mice. Fibrinogen (Aa chain)-deficient mice (129/CF-1 genetic back-
ground; reference 24) were crossed to apo E-deficient mice (129/
C57Bl/6; reference 29) to generate in first generation offspring Ao~/
apo E*'~ mice with hybrid 129/CF1/C57Bl/6 genetic background (ra-
tio of 129:CF1:C57Bl/6 ~ 2:1:1). These animals were subsequently
crossed to generate control, Fib™'~, apo E™'~, and apo E™/~/Fib™"~
mice with approximately the same mixture of genetic backgrounds.
To control for any confounding influence of secondary genetic modi-
fiers, comparative studies focused on littermate animals. The geno-
types were determined by PCR analysis using tail or ear biopsy DNA.
The wild-type apo E allele was detected using two primers from the
5'-flanking region of the mouse apo E gene (apo E primer-1: 5'-GCT-
CCTGAAGGAACTGGAGCACGTCCCAGC-3'; apo E primer—2:
5'-GGTACTGGGCACTGAGAACCGCTCCTTCCC-3"; [30]), which
generate a 220-bp product. The sequence of apo E primer-2 was de-
leted in the disrupted apo E allele (29). The targeted apo E allele was
detected using apo E primer-1 (see above) and primer from the in-
serted Neo cassette (Neo primer—1: 5'-CATGAGAGCAGCCGAT-
TGTCTGTTGTGCCC-3"), which generate a 570-bp product. The
genotypes for the Fib gene were established as described (31). Mice
of all genotypes were housed together and were fed a standard low
fat mouse chow containing 6.5% fat (ether extraction) and 0.028%
cholesterol (Formulab Diet 5008; Purina Mills, Inc., Richmond, IN).

Lipid analysis. Plasma lipid analyses were done using mice
fasted for at least 6 h. Cholesterol and triglycerides were measured
enzymatically using a Boehringer Mannheim Hitachi 717 analyzer
(Boehringer Mannheim Biochemicals, Indianapolis, IN). Lipid pro-
file data were compared by the Mann-Whitney U test.

Histological analysis. Mice were killed under anesthesia and per-
fused through the left ventricle with phosphate buffered saline (PBS)
followed by 10% neutral buffered formalin (Sigma Chemical Co., St.
Louis, MO). For qualitative analyses, hearts and aortic arches were
embedded in paraffin, sectioned at 4 pwm thickness, mounted on
slides, and stained with either hematoxylin/eosin, elastic Van Gieson,
or Gomori’s trichrome. For quantitative analyses, tissues were pro-
cessed and evaluated using a modification of the methods described
by Paigen et al. (32) and Lawn et al. (33). Briefly, hearts were cut in
half along a plane below the two atria and the top half was embedded
in OCT compound (Miles Laboratories, Inc., Elkhart, IN). 10 pm
thick sections (cut perpendicular to the aorta) were prepared from
the aortic sinus to the ascending aorta. The sections were mounted on
slides, stained with oil red-O and hematoxylin, and the area of oil red-
O-stained lesions were determined by an investigator unaware of an-
imal genotype using a calibrated microscope eyepiece. Mean lesion
area per section was calculated using the values obtained from five
sections separated by 70 wm. To consistently score the same region
within the aortae of individual animals, the first, most proximal sec-
tion evaluated was at the point at which the aorta became rounded
with the cusps of the valves barely discernible. Mean lesion areas
from apo E~/~ and apo E~/"/Fib~/~ mice were compared using a non-
parametric median scores test.

Immunohistochemical analyses. Hearts were perfused with 4%
paraformaldehyde in PBS and fixed for 4-8 h. Frozen or paraffin-embed-
ded sections were collected onto Frost/Plus slides (Fisher Scientific
Co., Fairlawn, NJ) and immunohistochemistry was performed with a
Vector Elite ABC-Peroxidase kit (Vector Laboratories, Inc., Burlin-
game, CA) using 3-amino-9-ethyl-carbazole (AEC) as a chromogen
(Biomeda Corp., Foster City, CA). Endothelial cells were stained with
a rat anti-mouse PECAM monoclonal antibody (PharMingen, San
Diego, CA), macrophages were stained with a rat anti-mouse Mac-2
monoclonal antibody (Boehringer Mannheim Biochemicals), and fi-
brin(ogen) was localized using rabbit anti-mouse fibrin(ogen) serum.

Results

Generation of mice with combined fibrinogen and apo E defi-
ciency. To generate mice with single (Fib~'~; apo E™'7) and
combined (apo E~/~/Fib~'") deficiencies in Fib and apo E, Fib-
deficient mice were interbred with apo E—deficient mice. All
progeny were normal in appearance at birth, but a fraction of
the Fib~'~ mice developed spontaneous bleeding events in the
neonatal period, a feature of fibrinogen-deficient mice re-
ported previously (24). Mice surviving the neonatal period
generally lived well into adulthood and displayed normal body

Table I. Cholesterol and Triglyceride Levels in Apo E— and Fib-deficient Mice

Genotype Total cholesterol (mg/dl)

HDL-cholesterol (mg/dl) Triglyceride(mg/dl)*

ApoE*/Fib*/~
ApoE*/Fib~/~
ApoE '~ /Fib*/~
ApoE " /Fib™"~

10417 (n = 6)
11735 (n = 5)
966401 (n = 72)
806+348' (n = 68)

72%19 (n = 4)
95+44 (n = 5)
23%15% (n = 71)
27=17% (n = 68)

31 (13-93,n = 6)
20 (16-146, n = 5)
919 (15-635,n = 72)
69 (7-381, n = 68)

Number of mice analyzed is indicated in parentheses. *Data were median value with range indicated in parentheses.*P < 0.001 and ¥ P < 0.01 as com-
pared to apo E*~/Fib*~ and apo E*/~/Fib~'~ mice. | P = 0.0014 as compared to apo E~/~/Fib*/~ mice, total cholesterol levels in apo E ~/~/Fib~/~ mice
are slightly, but significantly lower than that in apo E~/~/Fib*/~ mice. 1P = 0.03 as compared to apo E*/~/Fib*™'~ mice.
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Figure 1. Fibrin(ogen) deposition in early intimal lesions. Sections from the proximal aorta of 26-wk-old (A), 22-wk-old (B), and 35-wk-old (C)
apo E77/Fib™'~ mice immunostained for fibrin(ogen). Note fibrin(ogen) antigen (arrows) focused beneath a layer of foam cells in fatty streak le-
sion (A), diffusely present within a fibrotic lesion (B), and patchy within a necrotic zone (C). A region of calcification is indicated by arrowheads
in C. (D) Section from a 22-wk-old apo E~~/Fib~'~ mouse containing a foam cell-rich lesion (asterisk) that was immunostained in parallel with

the sections in panels A-C. Note the distinct absence of fibrin(ogen) antigen within the lesion. Magnification bars A, B, and D, 30 pm; C, 20 pm.

weights. Of 44 Fib~/~, 312 apo E~~ and 257 apo E~/~/Fib™/~
mice that were monitored for survival between weaning and
26 wk of age, > 95% of the animals survived to 10 wk of age,
regardless of genotype. However, only 70% of Fib~/~ and apo
E~/7/Fib™'~ mice survived to 26 wk of age as compared with
90% of apo E~'~ mice. The losses of Fib~'~ and apo E~/~/Fib™"~
mice were generally attributable to either spontaneous hemor-
rhagic events or pneumonitis.

Consistent with earlier studies (29, 34), 4-7-month-old apo
E~/~ mice developed severe hypercholesterolemia, elevated
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plasma triglycerides, and reduced HDL cholesterol (Table I).
A similar plasma lipid profile was observed in apo E~'~ mice
that carry and lack plasma fibrinogen (Table I). Gender was
not found to be a significant variable, but total plasma choles-
terol and triglyceride levels tended to be higher in males (data
not shown). Fibrinogen deficiency alone had no appreciable
impact on lipid profile relative to control mice.

Fibrin(ogen) deposition within atherosclerotic lesions of
apo E~~ mice. Consistent with the well-documented pres-
ence of fibrin(ogen) and fibrin degradation products within



Figure 2. Gross appearance and
ranking of lesions in the aortic
arches of apo E- and Fib-deficient
mice. Brightfield view of the aortic
arches collected from 32-wk-old
Fib~'~ (A) and 54-wk-old control (B)
mice. Representative views of aortic
arches collected from apo E~/~/Fib~/~
(C and E) and apo E”~ (D and F)
mice at 22 (C and D) and 26 (E and
F) wk of age. Note the dark-appear-
ing atherosclerotic lesions in the
lesser curvature of the arch (aster-
isk), the branch points of the bra-
chiocephalic trunk (single arrow),
left common carotid (double arrow-
heads), and left subclavian (double
arrows). The lesions appear as
opaque, cream-colored deposits un-
der darkfield. The vessels in A and
B, Cand D, and E and F were scored
0, 2, and 4, respectively, with the
ranking system employed (see text
and Fig. 3). Magnification bars, 1 mm.
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human atherosclerotic lesions, fibrin(ogen) was easily detected
immunologically within atherosclerotic tissue sections pre-
pared from apo E~/~ mice (Fig. 1). Fibrin(ogen) was detected
within various types of lesions including foam cell-rich fatty
streaks, fibrous lesions, and advanced plaques (Fig. 1, A-C) of
apo E~/~ mice. In early lesions, fibrin(ogen)-rich matrices were
observed at the base of the neointima, possibly contributing to
cell adhesion (Fig. 1 A). In more complicated fibrous lesions,
fibrin(ogen) was widely distributed within the fibrous intimal
tissues, but little staining was evident within the adjacent
media layer (Fig. 1, B and C). Similarly, little or no immuno-
reactive material was detected within the vessel walls of apo
E-expressing mice or normal appearing vessels of apo E~/~
mice (data not shown). Finally, consistent with the null pheno-
type of Fib~~ mice (24), no fibrinogen-related antigen could
be detected within lesions of apo E~/~/Fib~'~ mice (Fig. 1 D).
Effect of fibrinogen deficiency on atherosclerosis in the aor-
tic arch. To initially determine the impact of fibrin(ogen) de-
ficiency on the development and progression of atherosclero-
sis, whole mounts of the aortic arches collected from control,
Fib™/~, apo E/~, and apo E~/"/Fib~'~ mice were examined mi-
croscopically (Fig. 2) and scored for lesion severity (see be-
low). No visible lesions were seen in the arches of forty-one 27-
to 90-wk-old control mice and eighteen 18- to 56-week-old
Fib™/~ mice examined (see representative data in Fig. 2, A and
B). However, 45 of 48 apo E~/~/Fib™/~ mice and all 54 apo E™/~
mice from 22 to 31 wk of age were found to have obvious aor-
tic lesions (see representative data in Fig. 2, C—F). The lesions
were particularly prominent at previously identified predilec-
tion sites (27), including the lesser curvature of the arch and
the carotid branch points. Furthermore, the lesions appeared
to be more extensive as a function of age (compare Fig. 2, C
and D with E and F). To systematically compare the lesions in
apo E™'~ and apo E~/~/Fib~'~ mice, the gross appearance of le-
sions was ranked by an investigator unaware of animal geno-
type using an arbitrary scoring system in which the absence of
lesions was graded as 0 (for examples, see Fig. 2, A and B), ex-
tensive lesions encompassing all three carotid branch points
and the entire lesser curvature were graded as four (for exam-
ples, see Fig. 2, E and F), and the severity of intermediate le-
sions was graded from one to three. Analysis of the data
(shown in Fig. 3) using a nonparametric median scores test in-
dicated that lesions were slightly, but significantly (P < 0.04),
less extensive in 22-wk-old apo E~7/Fib~/~ mice relative to
apo E™/~ controls. However, the score distributions were not
significantly different at either 26 or 31 wk of age. Therefore,
based on the gross appearance of aortae, fibrinogen deficiency
results in only a modest reduction in the pace of lesion devel-
opment in apo E~/~ mice, and widespread vascular disease ul-
timately occurs despite the absence of clotting function.
Microscopic appearance of lesions within the proximal aortae
of apo E~~ and apo E~~/Fib~~ mice. The proximal aorta has
been a major focus for qualitative and quantitative studies of
atherosclerosis in the mouse because the region is particularly
prone to intimal lesion development and the cusps of the
valves provide a useful positional cue in comparative studies of
sectioned tissue. To qualitatively compare lesions in the proxi-
mal aortae, serial sections were prepared in order to survey the
aortic sinus and ascending aorta from ten 41- to 68-wk-old con-
trol mice, seventeen 18- to 56-wk-old Fib~/~ mice, nineteen 22-
to 31-wk-old apo E™'~ mice, and thirteen 22- to 31-wk-old apo
E~/~/Fib~/~ mice (every apo E~/~/Fib~/~ animal was evaluated
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with at least one apo E~'~ littermate). Lesions were not ob-
served in any control mice or Fib~'~ mice using hematoxylin/
eosin, trichrome, or van Gieson’s stain, whereas intimal lesions
were uniformly detected in both apo E~'~ and apo E~/~/Fib~/~
mice using all three staining systems (Figs. 4 and 5). The mor-
phological features of individual lesions varied from simple
fatty streaks to complex fibrous plaques, but a similar pan-
orama of lesions was observed in both apo E~/~ and apo E~/~/
Fib~'~ mice (Figs. 4 and 5). At 22 wk of age, the lesions were
primarily fatty streaks (representative data in Fig. 4, C and D).
The lipid-laden foam cells within the intima were generally
macrophage-derived based on their staining with a Mac-2
monoclonal antibody (data not shown). In 26- and 31-wk-old
apo E™'~ and apo E~/7/Fib™/~ mice, the lesions progressed to
mainly fibrofatty lesions and advanced fibrous plaques (Fig. 4,
E-J). These lesions typically showed extensive accumulation
of collagen and elastic fibers in the intima based on trichrome
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Figure 3. Comparison of lesion development in the aortic arch of apo
E~'~ and apo E~7/Fib~'~ mice. The lesion severity of apo E™~ (open
symbols) and apo E~/~/Fib~/~ mice (closed symbols) at 22, 26, and 31
wks of age was scored according to the ranking system described in
the text. Whole number scores were assigned between 0 (absence of
lesions) and 4 (extensive lesions encompassing all carotid branch
points and the entire lesser curvature). Males and females are indi-
cated with squares and circles, respectively. Mice were primarily eval-
uated with littermate controls: specifically, of 23 apo E~/~/Fib~'~ mice
analyzed at 22 wk of age, 19 were evaluated with at least one apo E~/~
littermate; of 14 apo E~~/Fib~'~ mice analyzed at 26 wk of age, 12
were evaluated with at least one apo E™/~ littermate; of 11 apo E~/~/
Fib~/~ mice analyzed at 31 wk of age, 10 were evaluated with at least
one apo E™'~ littermate. Statistical comparisons of the distributions
using a nonparametric median scores test indicated that the lesions
were slightly, but significantly (P < 0.04), less extensive in apo E~/~/
Fib™~ mice relative to apo E~'~ mice at 22 wk of age. No significant
difference was apparent between genotypes at 26 wk (P = 0.96) and
31 wk (P = 0.14) of age. Gender was not a significant variable at all
ages examined.
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Figure 4. Representative sections
from the proximal aorta of control
(A), Fib™~ (B),apo E™~ (C, E, G,
and /), and apo E~"/Fib~"~ (D, F, H,
and J) mice stained with hematoxy-
lin/eosin. (A) Normal appearing ves-
selin a 54-wk-old control mouse. (B)
Normal appearing vessel in a 31-wk-
old Fib~'~ mouse in the vicinity of a
valve cusp (arrowhead). Typical
foam cell-rich (double arrows) fatty
streak in 22-wk-old apo E~~ (C) and
apo E~/"/Fib~/~ (D) mice. The single
arrow in C indicates a small amount
of intimal fibrous tissue. Fibrofatty
lesions in 26-wk-old apo E~'~ (E and
G) and apo E~~/Fib~'~ (F and H)
mice showing foam cells (double ar-
rows) and substantial fibrous tissues
(single arrows). A necrotic zone ad-
jacent to disorganized or disrupted
medial layer is indicated by an aster-
isk in G. Advanced lesions in 31-wk-
old apo E™'~ (I) and apo E~/~/Fib~/~
(J) mice. Areas highlighted by an
asterisk, single arrow, and double
arrows in [ indicate acellular core,
calcification, and foam cells, respec-
tively. Areas highlighted by single
arrow, arrowheads, and double ar-
rows in J indicate fibrous tissue, cho-
lesterol clefts, and foam cells, re-
spectively. Magnification bars in A,
B, and E-J, 50 pm; C and D, 25 pm.
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Figure 5. Histological staining of collagen and elastic fibers within proximal aortae of 31-wk-old apo E~~ and apo E~/~/Fib~'~ mice. Collagen
and elastic fibers were stained with Gomori’s trichrome (A, C, and E) and elastic van Gieson’s stain (B, D, and F), respectively. (A-D) Repre-
sentative sections containing fibrofatty lesions in apo E~/~/Fib~'~ mice. Note the substantial collagen deposition within the intima (intensely
blue-staining material indicated by large arrows in A and C). Also note elastic fiber deposition in the intima (intensely black-staining material
highlighted by large arrow in B) and elastic fiber thinning and disruption in the medial layers (arrowheads in B and D). (A-D) Small arrows indi-
cate foam cells. The asterisk in C indicates large, unstained cholesterol clefts. (E and F) Representative fibrofatty lesion in an apo E~/~ mouse
showing similar features to that seen in apo E~~/Fib™'~ mice, including collagen (large arrows in E) and elastic fiber (large arrow in F) deposition
in intima, and medial elastic fiber distortion and thinning (arrowheads in F). (E and F) The asterisks and small arrows indicate cholesterol clefts

and foam cells, respectively. Magnification bars, 50 pm.

and van Gieson staining (Fig. 5), and often displayed distortion
or disruption of medial elastic fibers in the most advanced le-
sions (Fig. 5, B, D, and F). Advanced lesions contained choles-
terol clefts and central necrotic cores, and were surrounded or
capped by a layer of SMCs (Fig. 4, E-J, and Fig. 5), regardless
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of genotype. Based on immunohistochemical staining with a
PECAM-specific antibody, an intact monolayer of endothelial
cells covered the luminal surface of fatty-streak, fibrofatty, and
fibrous lesions in both apo E~/~ and apo E~/"/Fib~/~ mice
(data not shown). Plaque fissure and mural thrombus forma-
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Figure 6. Qualitative and quantita-
tive analysis of oil red-O-stained le-
sions in the proximal aorta of apo

E- and Fib-deficient mice. (A) Sec-
tion from a 32-wk-old Fib~'~ mouse

showing normal appearing vessel
in the vicinity of a valve cusp (ar-
rowhead). (B) Section from a 22-
wk-old apo E™'~ mouse showing a
large fibrofatty lesion (asterisk) ad-
jacent to a valve cusp (arrowhead).
Note that the lesion contains in-
tensely red-staining lipid and a dis-
tinct, well-developed fibrous cap
(arrows). (C and D) Sections from
22-wk-old apo E~/~/Fib~'~ mice
containing a fatty streak (C) and a
fibrofatty lesion (D). Note the in-
tensely red-staining lipid deposits
within the intima (arrows in C; as-
terisk in D). The advanced lesion in
D contains a thin fibrous cap (ar-
rows). Magnification bars in A and
B, 100 wm; C and D, 50 pm. (E)
Mean cross-sectional lesion areas in

the proximal aortas of apo E~/~ mice (open symbols) and apo E~/~/Fib~'~ mice (closed symbols) at 22,27, and 31 wk of age. Male and female
mice are illustrated with squares and circles, respectively. Mice were primarily evaluated with littermate controls: specifically, of 20 apo E~/~/
Fib~'~ mice analyzed at 22 wk of age, 19 were evaluated with at least one apo E™'~ littermate; all 14 apo E~/~/Fib~'~ mice analyzed at 26 wk of
age were evaluated with at least one apo E~/~ littermate; of 11 apo E~/~/Fib~/~ mice analyzed at 31 wk of age, 10 were evaluated with at least one
apo E™'~ littermate. Based on a nonparametric median scores test, the distribution of mean lesions areas for apo E™~/Fib~/~ and apo E~'~ mice
was not significantly different at 22 (P = 0.21), 26 (P = 0.12), or 31 (P = 0.19) wk of age.

Vessel Wall Disease in Fibrinogen-deficient Mice

1191



tion were not evident in any lesion examined in this study.
Therefore, taken together, the only obvious qualitative distinc-
tion between atherosclerotic lesions in apo E~'~ and apo E™/~/
Fib~/~ mice was the distinct absence of fibrin(ogen) deposits in
the latter.

Quantitative analysis of lesions within the proximal aortae
of apo E™'~ and apo E~~/Fib™"~ mice. To quantitatively ex-
amine the impact of fibrinogen deficiency on the development
of atherosclerotic lesions in the proximal aorta, mean lesion
arcas were measured in oil red-O-stained tissue sections fol-
lowing the well-established experimental approach described
by Paigen et al. (32). Consistent with earlier histological analy-
ses of proximal aortae, oil red-O staining revealed no lesions
within proximal aortae of 41 control mice (27-90 wk of age) or
18 Fib~'~ mice (18-56 wk of age) (see representative data in
Fig. 6 A). However, oil red-O-stainable lesions were observed
in virtually all of ninety 22- to 31-wk old apo E™'~ and apo E~'~/
Fib~~ mice examined (Fig. 6). Quantitative analyses of the
mean lesion areas in the proximal aortae of apo E~/~ and apo
E~/~/Fib~'~ mice indicated that lesion areas varied consider-
ably between individuals within a genotype and age group, but
the lesion area distributions were not significantly different be-
tween genotypes at 22, 27, or 31 wk of age (P = 0.12-0.21)
(Fig. 6 E). Furthermore, no significant difference was found
between genotypes in paired analyses, whereby the lesion ar-
eas were compared in apo E~'~ and apo E~/~/Fib™/~ littermate
sets at 22 (n = 19 pairs; P > 0.1), 27 (n = 14 pairs; P > 0.7),
and 31 (n = 10 pairs; P > 0.4) wk of age. Thus, based on quan-
titative measurements in the proximal aortae, fibrinogen defi-
ciency results in no marked diminution of atherosclerotic le-
sion development.

Discussion

These studies show that a total absence of fibrin(ogen) is com-
patible with the development and progression of atherosclero-
sis in hypercholesterolemic, apo E~~ mice. Like apo E~
mice, apo E~"/Fib~/~ mice maintained on a standard low fat
diet developed intimal lesions throughout the aortic tree, in-
cluding the proximal aorta, lesser curvature of the arch, and ar-
terial branch points. In addition, the general pattern of lesion
formation was similar in both apo E™'~ and apo E~/~/Fib™"~
mice, with fatty streak lesions predominating in the aortae of
young animals and increasingly complex fibrous plaques in the
aortae of older mice. Finally, aside from the distinct absence of
immunologically-detectable fibrin(ogen) deposits, lesions of
comparable complexity in apo E~/~/Fib~'~ and apo E~'~ mice
were histologically indistinguishable. Studies focusing on the
proximal aortae of young apo E~'~/Fib~/~ mice suggest that fi-
brinogen deficiency has little, if any, impact on the rate of le-
sion development. Furthermore, evaluated qualitatively and
quantitatively, the ultimate outcome is not appreciably differ-
ent in the presence and absence of fibrin(ogen). These findings
provide direct evidence that fibrin(ogen), a consistently recog-
nized feature of atherosclerotic lesions, is not strictly required
for lesion progression in the context of a significant disorder in
lipid metabolism.

The gene knockout approach is highly informative in defin-
ing whether a factor is obligatory for a biological process.
Thus, it is clear from these studies that fibrin(ogen) is not
obligatory for the development of atherosclerotic disease.
However, when a factor is shown to be not required for a pro-
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cess, the approach neither excludes the participation of the
factor in that process nor excludes an important role of the fac-
tor under specific conditions, such as in the absence of a com-
pensatory factor or in the presence of a second genetic or envi-
ronmental challenge. Thus, it is important to recognize that the
finding that fibrinogen is dispensable for atherogenesis in apo
E~/~ mice by no means indicates that fibrin(ogen) is unimpor-
tant in vessel wall disease, particularly in other distinct biologi-
cal settings (e.g., in mice with other genetic disorders [see be-
low] or in human subjects). Indeed, available data in other
animals models and human patients strongly support the view
that fibrin(ogen) is very important in vessel wall disease and
may contribute to lesion progression by many mechanisms.
The distinct features of lesion development in mice in general,
and the apo E knockout mice in particular, may obscure and
minimize the potential contribution of fibrin(ogen) to athero-
genesis. One obvious difference between mice and humans is
that mice, as a species, are remarkably resistant to atheroscle-
rosis, with only profound genetic or dietary challenges result-
ing in appreciable atherosclerotic disease. Apo E~~ mice de-
velop severe atherosclerosis at a young age, but their plasma
cholesterol levels are nearly an order of magnitude higher than
those observed in wild-type mice or normal human subjects.
Therefore, in the context of such an extremely lipid-driven
model of atherosclerosis, the contribution of local fibrin(ogen)
deposition to lesion development might be relatively low. In
contrast, in the context of human atherosclerosis, which gen-
erally develops over decades and in the setting of much
lower plasma cholesterol levels, the specific contribution of fi-
brin(ogen) to lesion development may be pronounced. In this
regard, a useful extension of these studies would be to explore
the role of fibrinogen in atherogenesis in mouse lines that de-
velop disease over an extended time frame and in the context
of plasma lipid profiles closer to that seen in human subjects,
such as LDL receptor—deficient mice (35).

There are several other obvious distinctions between mice
and humans that might result in differences in the relative im-
portance of fibrin(ogen) in the progression of vessel wall dis-
ease in the two species. For example, differences in the overall
size and local hemodynamics of the arteries affected may be
determining factors. In addition, there are clear differences in
both plasma lipoproteins and lipid metabolism, such as the ab-
sence of Lp(a) in mice (33, 36). The difference in Lp(a) is par-
ticularly intriguing in that high levels of Lp(a) in humans are
an established risk factor for ischemic heart disease, and one of
the component subunits, apo (a), is known to both bind fibrin
and attenuate plasminogen activation (37-40).

Perhaps the most significant distinction between mouse
and human atherosclerotic disease that should be considered
in attempting to reconcile the findings of this paper with avail-
able evidence supporting an important role of fibrin(ogen) in
human disease is that mural thrombus formation secondary to
plaque fissure is a common feature of human disease, whereas
these events have never been documented in mouse models of
atherogenesis. This distinction is particularly notable in that
the formation of clinically-silent mural thrombi may be a ma-
jor driving force in the progression of human vessel wall dis-
ease. Indeed, human atherosclerotic lesions often have a lay-
ered appearance suggestive of multiple cycles of plaque
fissure, mural thrombus formation, and cellular organization
by inflammatory and SMCs (2, 15). The absence of these cy-
cles in mice genetically predisposed to atherosclerosis is likely



to minimize the potential contribution of fibrin matrix deposi-
tion to lesion progression.

Although fibrin(ogen) does not appear to be a powerful
modifier of atheroslerotic disease in unchallenged apo E~/~
mice, a number of secondary challenges in these animals could
conceivably render the rate of atherogenesis highly-dependent
on fibrin(ogen). For example, a dramatic local or systemic al-
teration in the hemostatic balance either favoring local fibrin
deposition or impeding fibrinolysis could result in an accel-
eration of atherosclerosis that is mechanistically tied to fi-
brin(ogen). In this regard, we have shown recently that loss of
a key fibrinolytic factor, plasminogen, greatly accelerates the
formation of intimal lesions in apo E-deficient mice, whereas
plasminogen deficiency alone does not cause appreciable ath-
erosclerosis (41). However, while fibrin(ogen) is conspicuous
within both early and advanced lesions of apo E~/7/Plg™/~
mice, presently there is no direct evidence that the aggravating
effect of plasminogen deficiency on atherosclerosis is related
to fibrin(ogen) and impaired fibrinolysis. Indeed, a second
mechanism whereby plasminogen deficiency might promote
atherosclerosis is through the loss of plasmin-mediated TGF
activation in the vessel wall (42-44). Comparative studies of
atherosclerosis in apo E™'~ mice with single and combined def-
icits in plasminogen and fibrinogen will be highly instructive in
defining the role of fibrin(ogen) in the acceleration of lesion
progression in apo E~/~/Plg™'~ mice.

Vascular injury is another context where fibrin(ogen) may
be shown to be important in neointima formation. Repetitive
or chronic injury and inflammation leading to recurring or per-
sistent fibrin in the vessel wall may strongly favor vascular
stenosis by supporting the local capture of circulating platelets
and inflammatory cells, and/or promoting the proliferation
and migration of SMC and other cells. This hypothesis can be
directly tested by exploring the impact of the loss of fibrino-
gen, or other hemostatic factors, on vascular repair and neoin-
tima development after surgical challenges or chronic inflam-
matory injuries (45-47).
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