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Abstract
Atherosclerotic lesions are characterized by a profound alteration in the architecture of the arterial
intima, with a marked increase of fibronectin (FN) and the appearance of the alternatively spliced
FN variant containing the Extra Domain A (EDA). To analyze the role of FN isoforms in
atherosclerotic lesion formation we utilized mouse strains devoid of EDA-exon regulated splicing,
which constitutively include (EDA+/+) or exclude (EDA−/−) the exon. Both mutant mice had a 40%
reduction in atherosclerotic lesions after the atherogenic-diet treatment (Mean±SE, μm2; 22969
±2185; 13660±1533; 14260±2501 for EDAwt/wt, EDA+/+ and EDA−/−, respectively; p≤0.01 ANOVA
test) associated to a lower capacity of macrophages to uptake modified LDL and undergo foam-cell
formation. Lesions in control mice were more numerous and bigger, with augmented and deeper
macrophage infiltration, and increased FN expression in the sub-endothelial area. Previous
experiments have shown that apoE−/−EDA−/− mice have a decreased number and size of
atherosclerotic lesions and, on this basis, it has been proposed that the EDA domain has a pro-
atherogenic role. Our data with the EDA+/+ mice rules out this hypothesis and suggest that regulated
splicing of the EDA exon of the FN gene is involved in progression of atherosclerosis, highlighting
the importance of alternative splicing in regulating cellular processes.
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Introduction
The highly organized architecture of the vascular wall and the spatial and functional
relationships between different cell types are perturbed in pathological conditions such as
atherosclerosis. Activation of the endothelium is postulated to play a key role in initiation and
progression of the atherosclerotic process, followed by changes in the extracellular matrix
(ECM) composition of the arterial intima [1]. Under normal conditions, the main components
of the ECM are basement membrane proteins, collagen type IV, laminin, and fibronectin (FN).
FN isoforms, generated by alternative splicing at three sites -the Extra Domain B (EDB), Extra
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Domain A (EDA), and the Type III Homologies Connecting Segment (IIICS) [2-4]-, have been
associated with a variety of cellular processes such as embryogenesis, malignancy, hemostasis,
wound healing and maintenance of tissue integrity [3,5]. In the last few years, the development
of mouse models produced conclusive evidence of the roles of FN and its isoforms in some of
the processes mentioned above [6-13].

In the normal artery wall, significant amounts of fibronectin (FN) are present, strictly devoid
of the EDA and EDB domains. In atherosclerotic lesions and experimentally induced
thickening of rat aorta, there is a marked increase in FN and FN containing the EDA domain
[14,15]. However, the precise role of EDA+FN in the development and progression of
atherosclerotic lesions remains unclear.

In the present work we have studied the role of fibronectin isoforms in atherosclerosis taking
advantage of two mouse strains unable to undergo alternative splicing of the fibronectin EDA
exon [9]. One strain contains optimized spliced sites at both splicing junctions of the EDA
exon and constitutively includes the exon (EDA+/+), whereas the other strain contains an EDA-
null allele of the EDA exon (EDA−/−) [9]. Surprisingly, we found that mice having constitutive
inclusion or exclusion of the EDA exon have a similar phenotype, with a 40% reduction in the
number and area of atherosclerotic lesions after the atherogenic-diet treatment, associated to
a lower efficiency of macrophages to take up modified LDL and undergo foam-cell
transformation. Lesions in control mice were more numerous and bigger, had increased
macrophage cellularity and FN expression in the sub-endothelial lesion when compared with
those of both types of mutant animals. Our data suggest that regulated splicing of the EDA
exon of the FN gene is involved in progression of atherosclerosis.

Experimental Methods
Mice and diets

We have previously described the mouse strains devoid of regulated splicing at the EDA exon
[9]. Mice were backcrossed into the C57Bl/6 genetic background for at least six generations
(98.44% or higher C57Bl/6 background [13]) and were 16 months old at the beginning of the
atherogenic-diet treatment. Female mice were fed for the indicated time with D12109-diet from
Research Diets, NJ, containing 1.25% cholesterol, 17.2% cocoa butter and 0.5% Sodium
Cholate. Control mice were treated for the same time with D12102-control diet, containing 0%
cholesterol, 1.9% cocoa butter and 0% Sodium Cholate. Sodium cholate was used to generate
moderate and consistent atherosclerotic lesions in mice where atherosclerosis is only diet
induced, and not genetically induced [16]. Serum lipids, analysis of aortic lesion and modified
LDL uptake were performed as described [17].

Serum Lipids
Mice were fasted for 4 hours, and the serum total cholesterol and triglycerides were determined
as described [17].

Analysis of Atherosclerotic Lesions
The aorta was flushed through the left ventricle and the heart with aorta was embedded in
O.C.T. Compound (Sakura Finetek USA, Torrance, CA). Cryosections of 10-μm thickness
were taken from the region of the proximal aorta starting from the end of the aortic sinus as
described [18]. The sections (15 sections per mouse) were stained with oil red O and Mayer's
hematoxylin (Sigma), and then analyzed using an Imaging system KS 300 (Kontron Electronik
GmbH) as described [19].
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Immunocytochemistry
Serial 5-μm cryosections of the proximal aorta were incubated with monoclonal rat antibodies
to macrophages, MOMA-2 (Accurate Chemical & Scientific Corp., Westbury, NY). The
sections were treated with goat biotinylated antibodies to rat IgG (PharMingen, San Diego,
CA), incubated with avidin-biotin complex labeled with alkaline phosphatase (Vector Lab,
Burlingame, CA.) and visualized with Fast Red TR/Naphthol AS-NX substrate (Sigma). A
non-immune rat serum was used as a negative control.

Modified LDL Uptake
Thioglycolate-elicited peritoneal macrophages were cultured in DMEM with 10% fetal bovine
serum for 2 days as described[17]. Then cells were incubated with DiI-labeled human
acetylated LDL (AcLDL) or oxidized LDL (Intracel Corp, Rockville, Md) at 37°C for the
indicated time and analyzed under a fluorescent microscope or by fluorescence-activated cell
sorter (FACSCalibur, Becton Dickinson) flow cytometry as described [17]. For modified-LDL
binding experiments, macrophages were incubated with DiI-labeled human AcLDL or oxLDL
at 4°C for 60 min.

RNA preparation and RT-PCR
Total RNA was prepared from macrophages and freshly extracted aorta (2-3 mice per genotype,
2-3 month-old mice) [20]. The radioactive RT-PCR reactions were performed and quantified
as previously described [21]. Briefly, FN cDNAs were generated from total RNA using the
MMLV- Reverse Transcriptase (InVitrogen), and the EDA inclusion vs. EDA exclusion ratio
was quantified via RT-PCR by using primers in the exons flanking the EDA exon, using
α32P-dCTP in the PCR mix. RT-PCR products (28–30 PCR cycles) were then quantified by
using a Cyclone (Storage Phosphor System, Canberra Packard, USA) and corrected by size
and G+C content. Quantification analysis was performed always within the different RT-PCR
amplified products derived from the alternatively spliced exons of the same RNA sample.

Statistical analysis
Quantitative data are shown as the mean±SD. Comparisons between genotypes were done by
using unpaired ANOVA test, followed by post-hoc test when a significant general effect was
observed. A P value of 0.05 was chosen as the limit of statistical significance.

Experimental Results
FN distribution in aorta sections

First, we performed immunohistochemical analysis of cross-sections in the proximal aorta and
observed the presence of FN in the intima and media, with all three genotypes displaying a
similar pattern of FN distribution (Figure 1A). RT-PCR analysis of RNA prepared from total
aorta showed that most of the FN mRNA in the untreated EDAwt/wt mice did not contain the
EDA exon (Figure 1B) in the absence of atherosclerotic changes. The aortas of EDA+/+ and
EDA−/− mice, as already observed for other tissues [9, 21], showed complete inclusion and
complete exclusion of the EDA exon, respectively.

Levels of cholesterol and triglycerides in mutant mice
To analyze in vivo the specific effects of the alteration of alternative splicing pattern of the
EDA exon of fibronectin in atherosclerosis, EDAwt/wt, EDA+/+ and EDA−/− mice were
backcrossed with C57Bl/6 mice. To increase the size and progression of intimal lesions we
used aged mice (16 months old at the beginning of the experiment) fed with atherogenic-diet
for 14 or 18 weeks.
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Serum samples were analyzed at baseline and at 8, 14 and 18 weeks after starting the diets.
The basal levels of cholesterol in the EDA−/− mice were lower than those observed in the
EDAwt/wt animals (Table 1). Triglyceride levels were higher in both the EDA+/+ and
EDA−/− animals. However, these differences observed at basal status disappeared after
initiation of the treatment as mice showed similarly elevated levels of serum cholesterol and
reduced levels of triglycerides at 8, 14 or 18 weeks of atherogenic-diet (Table 2).

Atherosclerosis Studies
EDA+/+ and EDA−/− mice showed a reduction in the aorta atherosclerotic lesions of 31% and
59%, respectively, after 14 weeks of diet (Figure 2A). At 18 weeks the reduction was ∼40%
for both mutant genotypes (ANOVA, p≤0.01, Bonferroni's comparison test, EDAwt/wt vs.
EDA+/+ and EDAwt/wt vs. EDA−/−, p≤0.05).

A more detailed histological analysis of the lesions revealed larger and more numerous lesions
in the EDAwt/wt compared to the mutant mice. In addition, MOMA2 staining showed that
macrophages extended deeper in the subendothelial area in EDAwt/wt mice than in either mutant
strain (Figure 2B, Panels A-C).

Analysis of control and mutant mice tissue sections containing lesions of different size
suggested that the observed differences in FN distribution depended primarily on the size of
the lesion (Figure 2B, Panels D-F).

Macrophages from EDA+/+ and EDA−/− mice show reduced uptake of modified LDL
The process of macrophage-derived foam cell formation was analyzed by incubating
macrophages with acetylated and oxidized DiL labeled LDL. Lipid uptake was very efficient
and reached a plateau at 4 h (Figure 3A). Consequently, we performed uptake experiments at
30 min of incubation, in the linear range of the curve. Microscopic analysis showed that wild
type and mutant macrophages were able to take up both types of modified LDL efficiently
(Figure 3B). Cell sorting analyses showed that both mutant genotypes had a significant decrease
in AcLDL and OxLDL uptake at 30 min (Figure 3C). We observed no differences in the binding
capacity of macrophages for modified LDL particles (Figure 3D) suggesting similar expression
levels of scavenger receptors in macrophages from all three strains.

Given the pivotal role of macrophages in atherosclerotic lesions, the observed decrease in
modified LDL uptake may account for the observed protection of the EDA+/+ and EDA−/−

animals after the atherogenic-diet treatment.

Therefore, to determine whether EDA splicing in macrophages is induced by exposure to
AcLDL or OxLDL we performed RT-PCR analysis on mRNA isolated from stimulated and
non-stimulated macrophages. We observed that inclusion of the EDA exon increased very
rapidly when non-stimulated macrophages from EDAwt/wt mice were placed in culture
(Supplementary Figure 1), arriving to a plateau after 30 h. When EDAwt/wt macrophages were
incubated with modified-LDL we observed no differences in the amount of EDA exon
inclusion after incubation of macrophages with Ox-LDL for 2 and 20 h (Figure 4A and B)
indicating that EDA+FN is not induced by the treatment.

Discussion
Alternative splicing of the EDA exon is a very tightly controlled event suggesting important
and specific roles for the EDA segment [3,4]. Here we present new evidence on the role of the
alternatively spliced FN isoforms in atherosclerosis. Mice having constitutive inclusion or
constitutive exclusion of the EDA exon of the fibronectin gene [9] showed decreased
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development of atherosclerotic lesions after an atherogenic-diet treatment, highlighting the
importance of regulated splicing in complex cellular processes.

In a recent attempt to study the role of the EDA domain in atherosclerosis, double ApoE−/−

and EDA−/− mutant mice showed reduced atherosclerosis after an atherogenic-diet treatment
[12]. Our results obtained with the EDA−/− mice confirmed the decrease in atherosclerotic
lesions and the defect in modified LDL uptake by macrophages observed by Tan et al [12],
and extended their observation to a background where the hyperlipidemia is not genetic but
diet-induced. However, the unexpected and paradoxical reduction in lesion size and LDL
uptake by macrophages in the EDA+/+ mice seems to rule out the proposed pro-atherogenic
role for the EDA domain in the pathophysiology of the disease [12].

The decreased efficiency of LDL uptake by macrophages could act in synergism with other
potentially altered atherogenic events in mutant mice, such as macrophage rolling, adhesion
and migration to the lesion area (and/or migration of SMC), or formation of foam cells, leading
to a reduction in the formation of atherosclerotic plaques. Macrophages display the integrin
α4β1 or VLA-4 which recognizes the EDA exon [22], in addition to the CS1 cell-binding site
present in the IIICS region of FN. It plays an important role in monocyte rolling and adhesion,
regulating leukocyte entry into early [23] and advanced lesions [1], and in the initial phase of
atherosclerotic lesion formation and lipid accumulation [1]. Being the EDA domain a ligand
for this integrin it is possible to hypothesize that EDA-FN isoforms could also have a role in
any of those processes, as already observed for other cell adhesion and ECM proteins such as
P-selectins, VCAM-1 and von Willebrand factor [24,25].

As the migratory capacity of cells also depends in the composition of the ECM [26], migration
of SMC and/or macrophages to the site of the lesion might also be altered. Preliminary
experiments showed that EDA+/+ and EDA−/− MEFs migrated less than EDAwt/wt cells (having
about 50% of EDA exon inclusion), while an EDA+/+ and EDA−/− mixture of MEFs recovered
the migratory capacity (AFM, unpublished).

Therefore, the “block” in EDA splicing might affect any of the processes mentioned above.
Additionally, strong interactions between monocytes and ECM are necessary for the formation
of “foam-cells”, as lipid does not accumulate in monocytes that do not form a stable interaction
with tissues, suggesting specific ECM-dependent signaling [27]. Therefore, as both mutant
mice are unable to modulate EDA expression after initial injury, it is possible to suppose that
macrophage signaling from the ECM is affected, leading to less active macrophages in both
mutant mice. These results suggest that the main event leading to a reduction in plaque
formation might not be the constitutive presence or absence of the EDA domain but the absence
of modulation of the EDA domain levels by alternative splicing.

Alternatively, constitutive absence or inclusion of the EDA exon might produce similar
atherogenic phenotypes by different mechanisms. We have looked at different parameters
associated to the development of atherosclerotic lesions such as foam cell formation, levels of
serum triglycerides and cholesterol in non-treated and treated mice, distribution and amount
of macrophages and FN in the lesion. Most of them were different in the mutants to those of
EDAwt/wt mice, but were similar between EDA+/+ and EDA−/− mice supporting the idea of a
common mechanism.

Our EDA−/− mice also showed decreased serum cholesterol levels confirming the previous
results [12] although we observed the reduction in basal levels but not in the treated mice, in
addition to an increase in basal triglyceride levels in both EDA+/+ and EDA−/− mice.
Additionally, the stimulation of EDAwt/wt macrophages with modified LDL produced no effect
in EDA splicing, differing from previous data [12] but we observed a time-dependent increase
in the EDA+/EDA− ratio of non-stimulated macrophages after plating of the cells. These
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variations could be due to differences in our experimental protocol, which differed from those
of Tan et al [12] in at least the following aspects: a) We exclusively analyzed the role of the
FN-EDA isoforms, as mice did not have the atherosclerosis prone apoE null background, using
an atherogenic-diet containing sodium cholate [16,28]; b) In addition to the EDA− FN isoform,
we analyzed the role of the FN isoforms having constitutive inclusion of the EDA domain
(EDA+ FN); and c) We used aged, 16 month-old mice to increase the incidence of intimal
lesions.

In conclusion, we have shown that mice having constitutive absence or inclusion of the EDA-
FN exon have decreased levels of atherosclerosis. The lesions in aorta from both EDA+/+ and
EDA−/− mutant animals are smaller and have less infiltration of macrophages in the sub-
endothelial area, with a reduced expression and distribution of FN. The cause of the reduced
lesions in mutant mice may be related to a decreased uptake of modified LDL by macrophages
from both mutant mice. We propose that the regulation of the EDA domain by alternative
splicing has an important role in the progression of the atherogenic process.
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Figure 1. Panel A. Immunohistochemical analysis of FN distribution in mouse aorta
Sections from the proximal aorta of EDAwt/wt (A and D), EDA+/+ (B and E) and EDA−/− mice
(C and F) were incubated with anti-total FN rabbit polyclonal antibody (A, B, and C) or control
antibody (D, E and F). Original magnification 650x; Panel B. RT-PCR analysis of FN-EDA
expression in aorta samples. RT-PCR analysis of RNA prepared from total aorta of
EDAwt/wt untreated 2-3 month old mice showed that FN is mainly of the EDA-minus form
(Lanes 2-3). The EDA+/+ and EDA−/− mice showed complete inclusion and complete exclusion
of the EDA exon, respectively (lanes 4-5 and 6-7, respectively). Cerebellum EDAwt/wt (Cer)
and liver EDA+/+ are shown as controls (lanes 8 and 9, respectively). Lane 10 corresponds to
PCR control without cDNA. “L” indicates vessel lumen.
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Figure 2. Panel A. EDA+/+ and EDA−/− mice are protected against atherosclerosis after
atherogenic-diet
The atherosclerotic lesion area in the proximal aorta region was analyzed at 14 and 18 weeks
after the initiation of the diet. Each triangle corresponds to the mean values of 15 sections from
a single mouse. Compared to the EDAwt/wt mice, the EDA+/+ and EDA−/− mice had lower
atherosclerotic lesion area at both 14 and 18 weeks of diet (Mean±SE, μm2; 14 weeks: 17482
±3716; 12028±2011; 7216±2036; 18 weeks: 22969±2185; 13660±1533; 14260±2501 for
EDAwt/wt, EDA+/+ and EDA−/−, respectively; 14 weeks, n=6 mice per genotype; 18 weeks,
n=11, 15 and 16 mice for EDAwt/wt, EDA+/+ and EDA−/− , respectively). Data was analyzed
by ANOVA test (14 weeks, NS; 18 weeks, p≤0.01) with the Bonferroni's multiple comparison
Test (18 weeks, EDAwt/wt vs. EDA+/+ p≤0.05; EDAwt/wt vs. EDA−/−, p≤0.05). Panel B.
Detection of macrophages and the FN distribution in atherosclerotic lesions of the
proximal aorta. Sections from the proximal aorta of EDAwt/wt (A and D), EDA+/+ (B and E)
and EDA−/− mice (C and F) fed with atherogenic-diet for 18 weeks were stained with the
MOMA-2 monoclonal antibody (A, B and C) or with the anti-FN polyclonal antibody (D, E
and F). (Original magnification, 400x and 200x for MOMA-2 and FN antibodies, respectively).
“Lu” indicates vessel lumen.
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Figure 3. Panel A. Time course of the modified LDL uptake by EDAwt/wt peritoneal macrophages
Peritoneal macrophages were incubated with 15 μg/ml of human DiL-oxidized for the indicated
times and the uptake was examined by flow cytometry. The data are presented in relative units
as an average of triplicate repeats. Panel B. Visualization of the modified-LDL uptake by
peritoneal macrophages from EDAwt/wt, EDA+/+ and EDA−/− mice. Peritoneal
macrophages from EDAwt/wt (A), EDA+/+ (B) and EDA−/− mice (C) were incubated with 15
μg of Ac-DiL LDL for 30 min. and visualized under UV light. Original magnification, 400x;
Panels C and D. FACS analysis of the modified-LDL uptake (C) and binding (D) by
peritoneal macrophages from EDAwt/wt, EDA+/+ and EDA−/− mice. Peritoneal
macrophages were incubated for 30 min at 37°C (uptake) or 60 min at 4°C (binding) with Ac-
DiL LDL or Ox-DiL LDL and uptake was examined by flow cytometry. The data of the uptake
are presented in relative units as an average of three independent experiments (each experiment
having three mice per genotype, each mouse having three repeats) ± Standard Deviation. The
data of the binding experiment are presented in relative units as an average of three mice per
genotype, each mouse having three repeats (a, ANOVA p=0.0023; b, ANOVA, p=0.0002;
Bonferroni's Correction: *, p≤0.05; **, p≤0.01; ***, p≤0.001). wt, +/+ and −/− indicate
EDAwt/wt, EDA+/+ and EDA−/− samples, respectively.
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Figure 4. RT-PCR analysis of the FN-EDA splicing of peritoneal macrophages from EDAwt/wt after
incubation with modified Ox-DiL LDL
(A) Macrophages from three EDAwt/wt animals (numbered 1 to 3) were plated, washed after
40 minutes (t=0), total RNA was prepared at different times (t=4, 24, 30 and 48 hs) and analyzed
by radioactive RT-PCR. Total RNA from EDA+/+ cerebellum was run as control. (B) The PCR
products from Panel A were quantified using a Phosphor Imager. (C) Similarly, EDAwt/wt,
EDA+/+ and EDA−/− samples were plated for 0 and 48 hs, the RNA prepared and analyzed by
radioactive RT-PCR. (D) Macrophages from EDAwt/wt mice were prepared, plated and after
48 hs were incubated with Ox-DiL LDL for 2 and 20 additional hs. (E) The radioactivity was
quantified. Each bar corresponds to macrophages prepared from separate EDAwt/wt mice
(numbered 1 to 3). The data was analyzed by One Way ANOVA and is presented as the mean
± standard deviation. No differences were observed.
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