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Abstract

This study was undertaken to determine if changes in fibronec-
tin biosynthesis accompany the phenotypic changes that occur

in aortic tissue following experimental hypertension. An in vi-
tro procedure was developed to measure fibronectin synthesis
in aortic rings obtained from normotensive or hypertensive rats.
There was a three to sixfold increase in fibronectin biosynthesis
by aortic rings taken from rats treated with deoxycorticoste-
rone/salt for 7 and 21 d, the change being more pronounced at
21 d. In contrast, there was no major change at either time point
in net incorporation into total protein. Studies comparing fibro-
nectin biosynthesis in aortic rings from Wistar rats and sponta-
neously hypertensive rats at ages between 10 and 40 wk showed
increased fibronectin biosynthesis in older animals of both
strains, but only slight differences between strains. Studies us-

ing rats infused with angiotensin II showed a correlation be-
tween blood pressure elevation and increased aortic fibronectin
biosynthesis. Western blot analysis of aortic extracts showed
that the fibronectin content was increased in the hypertensive
models. The in vitro procedure for measuring fibronectin bio-
synthesis appears to provide a reliable reflection of in vivo
changes in fibronectin expression, and the methodology could
prove useful for studying the factors influencing protein expres-

sion in vascular tissue. (J. Clin. Invest. 1991. 88:1182-1189.)
Key words: angiotensin * vascular * extracellular matrix * im-
munoprecipitation

Introduction

Vascular complications of several diseases are associated with
changes in the extracellular matrix and accompanying intracel-
lular changes in vascular cells (1). Since interactions between
proteins of the extracellular matrix and cell receptors called
integrins are known to influence cell structure, it is plausible
that changes in the expression of components of the extracellu-
lar matrix could have a causative role in the development of the
resulting vascular lesions. Several studies have indicated that
vascular smooth muscle cells can undergo a change from a

contractile to synthetic phenotype during atherosclerosis (2, 3),
and models for such changes have been established using cul-
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tured cells (4). Fibronectin (FN)', an important component of
the extracellular matrix, was shown to interact with vascular
smooth muscle cells in a manner influencing the interconver-
sion between contractile and synthetic phenotypes (5). Interac-
tions between fibronectin and the endothelial cell also induce
functional changes in motility, morphology, and replication
(6-8). Based on such studies performed with cultured cells, it is
possible that fibronectin could modulate the function of vascu-
lar cells and perhaps have a direct influence on the develop-
ment of vascular lesions.

Histochemical studies have documented the presence of
fibronectin in aortic tissue, and changes in fibronectin content
have been reported in different disease states, such as diabetes
and atherosclerosis (9-13), although quantitation has been dif-
ficult due to the insoluble nature of the cellular fibronectin
(14). Recently, a study by Glukhova et al. (15) showed that
different alternately spliced forms of fibronectin are selectively
localized in the intima and media, and following either balloon
injury to the rat aorta or in human aortic atherosclerotic le-
sions, a selective accumulation of an alternatively spliced form
of fibronectin was found within the intimal lesion.

Hypertension leads to morphological and functional
changes in the vessel wall, and accompanying changes in the
extracellular matrix have been documented (16-18). However,
there is little information available on changes in vascular fibro-
nectin expression with hypertension. In a recent study ( 19), we
showed that steady-state mRNAlevels for rat aortic fibronectin
increased several-fold in deoxycorticosterone acetate (DOG)/
salt-treated and angiotensin II-infused rats and in the spontane-
ously hypertensive rat (SHR). An age-dependent increase in
aortic fibronectin mRNAalso was shown in those studies (19).
In this study, we have used an in vitro procedure for measuring
protein biosynthesis in aortic rings to determine if the biosyn-
thesis of aortic fibronectin is increased in experimental hyper-
tension concomitant with the previously documented changes
in steady state mRNA. In addition, Western blot analysis was
used to measure the amount of fibronectin contained in aortic
tissue from normotensive and hypertensive rats.

Methods

Animals. Male Wistar rats, 250-300 g, were obtained from Charles
River Breeding Laboratories, Wilmington, MA. DOC/salt hyperten-
sion was induced as previously described (20). Briefly, deoxycorticoste-
rone pellets (100 mg) were implanted subcutaneously into uninephrec-
tomized rats, and saline was substituted for drinking water. Control
animals were uninephrectomized but not given DOC/salt treatment.
Angiotensin II-induced hypertension was achieved by subcutaneous
infusion of angiotensin II (125 ng/min) using an Alzet Mini-Osmotic
pump. (Alza Corp., Palo Alto, CA). SHRwere purchased from the
Charles River Breeding Laboratories. Systolic blood pressure was mea-

1. Abbreviations used in this paper: DOC, deoxycorticosterone acetate;
FN, fibronectin; SHR, spontaneously hypertensive rat; TGF-fl, trans-
forming growth factor-#.
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sured by tail cuff plethysmography and a photoelectric cell detector as
described previously (21).

Tissue. Animals were killed with an overdose of sodium pentobar-
bital. Aortae were removed, taking care to avoid stretching or compres-
sion of the tissue, and placed into ice-cold buffer containing 137 mM
NaCl, 2.7 mMKCl, 4.3 mMNa2HPO4* H20, 1.4 mMKH2PO4(pH
7.4), and 11 mMglucose. The region of the aorta extending from the
arch to the diaphragm was used in all studies. Aortae were carefully
cleaned of periadventitial tissue and seven to eight rings of - 5 mm
length were obtained from the arch and thoracic region of each aorta.
The cleaning and preparation of rings were performed with care to
avoid unnecessary damage to the vessel. The procedure routinely took
- 10 min per aorta. The rings prepared from a single rat aorta were
placed into 2 ml of DMEMwithout L-methionine (Gibco Laboratories,
Grand Island, NY) that was supplemented with 8 MML-methionine
and 200 MACi "5S-methionine (New England Nuclear, Boston, MA). In-
cubations were at 370C for 5 h with constant shaking in an atmosphere
of 95% air and 5%CO2. The aortic rings were removed from incuba-
tion media at the end of the incubation period, washed several times in
PBS, and then weighed and frozen in liquid nitrogen. The weights of
the aortic rings after incubation were considered as the aortic wet
weight in the analysis of data. The incubation medium was stored at
-700C.

Aortae were homogenized using a motor driven glass-glass appara-
tus in PBS containing aprotinin (50 trypsin inhibitory units/ml), leu-
peptin (10 mM), pepstatin A (1 mM), and PMSF(1 mM), at a 20:1
ratio of buffer volume to tissue wet weight. The homogenate was centri-
fuged at 25,000 g for 20 min, and the supernatant was removed and
saved. The pellet was resuspended in 4%SDS, the resuspension heated
at 100°C for 4 min, and then centrifuged at 12,000 g for 5 min. This
supernatant, designated as the SDSextract, was removed and saved. All
samples were stored at -700C. Protein concentrations were obtained
by using the BCAprotein assay reagent kit by Pierce Chemical Co.,
Rockford, IL. In designated experiments, the initial pellet was ex-
tracted with 2%deoxycholate before extraction with 4%SDS.

Immunoprecipitation. An aliquot (100-200 Ml) of tissue extract
containing 300 Mgprotein was added to 800 Ml of a solution containing
2.5% Triton X-100, 190 mMNaCl, 6 mMEDTA, 50 mMTris-HCI
(pH 7.4), and 0.25 mMPMSF. A goat, anti-human polyclonal anti-
body to fibronectin (F-1509; Sigma Chemical Co., St. Louis, MO)was
added (20 ,l, 660 Mg protein), and the mixture incubated overnight at
4°C. Samples were centrifuged at 12,000 g for 2 min at 4°C and the
supernatant was transferred to a clean microcentrifuge tube. 300 Ml of a
1:1 suspension of protein A-Sepharose CL-4B (Pharmacia Fine Chemi-
cals, Piscataway, NJ) was added and incubated using end-over-end
mixing at room temperature for 2 h. Samples were then centrifuged for
10 s and the supernatant aspirated. The precipitated beads were washed
four times with a solution of 0.1% Triton X-100, 0.02% SDS, 150 mM
NaCl, 5 mMEDTA, 50 mMTris-HCI, pH 7.4,0.2 mMPMSF, and two
additional times with a similar solution lacking detergents. The final
pellet was resuspended in 100 Ml of an SDSreducing buffer and boiled
for 4 min. The beads were then centrifuged and the supernatant was
collected and saved for subsequent analysis.

For analysis of the incubation medium, immunoprecipitation was
done following concentration of the protein by TCAprecipitation. For
those studies, 80 Mg BSAwas added to 1 ml of sample before mixing
with 100 Mil of TCA (100%). After incubation on ice for 30 min, the
sample was centrifuged at 12,000 g for 15 min, washed with 5%TCA
and recentrifuged, and finally resuspended in 100 Ml of 4% SDS. An
aliquot (50 Ml) of this resuspension was added to 950 ,ul of the solution
used for immunoprecipitation.

Gel electrophoresis and immunoblotting. Proteins were analyzed by
SDS-PAGEas described by Laemmli (22) using the Mini-Protean II
dual slab cell apparatus (Bio-Rad Laboratories, Richmond, CA). For
analysis of methionine incorporation into protein, the separating gels
were of 7.5% acrylamide. Gels were vacuum/heat dried and exposed to
Kodak X-Omat AR x-ray film. Exposure times varied from 1 to 5 d.
For Western blot analysis, a Trans Blot apparatus (Bio-Rad) was used.

Transfer onto nitrocellulose was done at 40C for 14 h in 20 mMTris,
200 mMglycine, and 20% methanol. Immunological detection was
performed using goat anti-human polyclonal antibody to fibronectin
after pretreatment of the nitrocellulose support with 10% Carnation
evaporated milk for 1 h. Subsequent analysis used an anti-goat IgG
horseradish peroxidase conjugate (Sigma Chemical Co., St. Louis, MO)
as a second antibody, and chemiluminescence emitted from luminol
oxidized by peroxidase was used as a detection method (ECL Western
blotting detection system; Amersham International, Amersham, UK).
The first antibody was used at a dilution of 1:3,000 and the second
antibody at a 1:75,000 dilution. The general protocol was similar to
that described in the instructions provided by the supplier. Whenthe
monoclonal antibody directed towards the EIIIA insert provided to us
by Dr. Zardi, Cell Biology Laboratory, Instituto Nazionale per la Ri-
cersa sul Cancro, Genova, Italy, (protein concentration, 2.1 mg/ml)
was used as the first antibody (23), the antibody was diluted 1:300 and
an anti-mouse IgG horseradish peroxidase conjugate (Sigma) was used
as the second antibody.

Quantitation of radioactivity. Quantitation of radioactive fibronec-
tin was performed by cutting out the fibronectin region on the dried gel
as identified by radioautography, adding 5 M1 water and 10 ml of 5%
Protosol/Econofluor solution (DuPont/NEN, Boston, MA), and incu-
bating the samples overnight at 370C. Radioactivity was then deter-
mined by scintillation counting.

Incorporation of labeled methionine into total protein was deter-
mined by a filtration procedure. 10-20 Ml of the tissue fraction was
added to 5 ml of 10%TCA, and incubated on ice for 30 min. Solutions
were then vacuum filtered onto GF/C glass filters (Whatman Inc., Clif-
ton, NJ). The filters were washed four times with 1 ml of 5%TCAand a
final wash with 95%ethanol. The filters were then dried and radioactiv-
ity determined by scintillation counting.

Statistical analysis. Values are listed as mean±SEM. Statistically
significant differences were determined using the one way analysis of
variance, followed by the Dunnett t test.

Results

Preliminary experiments using rat aortic rings showed that rat
aortic rings were metabolically active with respect to protein
biosynthesis. Fig. 1 shows the SDS-PAGEprofiles of 35S-me-
thionine incorporation into proteins derived from the incuba-
tion medium and aortic tissue extracts after a 5-h incubation
period, and of the corresponding immunoprecipitates using a

205 kO P

Total protein

.-_

ml'
1 2 3 4

Immunoprecipitate

-FN

1 2 3 4

Figure 1. Distribution of radiolabeled protein and fibronectin in aor-
tic fractions. Aliquots of incubation media (IM); 25,000 g superna-
tant, (SUP); deoxycholate extract, (DOC); and SDSextract (SDS)
were analyzed by SDS-PAGEusing 7 ½/2% gels. Incubation time was
5 h. Comparable aliquots were immunoprecipitated using a goat
anti-human polyclonal antibody as described in Methods. The ali-
quots used represent 5% of the total incubation media, and 0.9-1.0%
of the tissue extracts. (1) IM; (2) SUP; (3) DOC; (4) SDS.
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Table L Effects of DOC/Salt Treatment on the Rat

Aortic protein content
Treatment Blood Heart wt Aortic Aorta wt

group n pressure Body wt wet wt Body wt Supernate SDSextract

mmHg x103 mg X1O mg/aorta mg/aorta

Control (7 d) 4 120±3.5 3.2±0.1 59.7±2.9 2.0±0.1 0.88±0.16 1.39±0.09
DOC/salt (7 d) 5 150±6.4* 3.5±0.1 68.6±3.0 2.4±0.1$ 1.42±0.10 1.76±0.07*
Control (21 d) 4 128±2.8 3.0±0.2 72.7±1.9 2.0±0.1 1.33±0.05 1.56±0.05
DOC/salt (21 d) 4 174±6.9* 4.3±0.1I 99.0±5.8* 3.2±0.26 2.68±0.29* 2.79±0.196

Values are means±SEM; * P < 0.05; * P < 0.01; I P < 0.001.

polyclonal antibody directed towards fibronectin. The distri-
bution of newly formed fibronectin among the different frac-
tions was consistently greatest for the fraction obtained using
4% SDS, which comprised - 60% of total radiolabeled fibro-
nectin. About 15% was released into the medium, and the re-
mainder was primarily in the deoxycholate extract.

Table I summarizes the comparative data on groups of ani-
mals treated with DOC/salt for 7 or 21 d and the appropriate
age-matched controls. Systolic blood pressure was significantly
higher in the treated animals even after 7 d (150 vs. 120
mmHg)and by 21 d the DOC/salt-treated group had systolic
pressures that averaged 174 mmHg.Both heart weight and aor-
tic weight increased progressively with treatment, and the ra-
tios with respect to body weight were consistently higher in the
treated groups. The amount of soluble protein in both the su-
pernatant (from the original aortic homogenate) and SDSex-
tract was consistently greater in hypertensive vessels. This in-
crease was proportionately greater than the increased wet
weight and could reflect increased intracellular or extracellular
protein.

Comparative studies between normal rat aorta and aortic
tissue from hypertensive animals were performed using a pro-
tocol where two animals from each group were killed on the
same day. The SDSextract obtained immediately after centrifu-
gation of the homogenized tissue, which effectively combined
the extracts using deoxycholate and SDSshown in Fig. 1, was
used for the biochemical comparisons shown in Fig. 2 and the
subsequent tables.

Fig. 2, A, B, and C, shows representative data on "S-me-
thionine incorporation into total protein and immunoprecipit-
able fibronectin in the aortic SDSextracts of control and 2 1-d
treated rats. Each lane contains protein from incubated rings
derived from a separate animal. The profile of total radioactive
protein in the SDS fraction suggests that both high and low
molecular weight proteins were made at about equivalent lev-
els in control and DOC-treated animals. However, after im-
munoprecipitation of fibronectin in those samples, there was
an obvious increase in the amount of labeled fibronectin im-
munoprecipitated from the samples of DOC-treated animals
(Fig. 2 B). Quantitative immunoprecipitation was confirmed
by experiments showing that comparable amounts of labeled
fibronectin were immunoprecipitated using levels of antibody
ranging from 10 to 200% of the amount used under standard
conditions (660 jig). This was true using extracts from control
or treated animals. If the gels containing the immunoprecipi-
tated samples were stained directly for protein using Coomas-
sie brilliant blue (Fig. 2 C), it was possible to visualize protein

in the region where fibronectin should be localized, particu-
larly in the extracts from treated animals. This further indi-
cated the efficacy of the immunoprecipitation procedure for
quantitative analysis. The other bands on the gel are the IgG
heavy chain (50 kD) and two other Coomassie-positive bands
that were present even if the SDSextract was omitted. Fig. 2 D
shows representative immunoprecipitates from the incubation
medium of aortic rings taken from control or 2 1-d DOC/salt-
treated rats. Increased secretion of radiolabeled fibronectin was
clearly observed in the fractions from treated animals, consis-
tent with the data obtained using the SDSextracts.

Table II summarizes the quantitative data on protein and
fibronectin biosynthesis in the aortic rings. All data are ex-
pressed per 5-h incubation period. Two soluble extracts from

SDS extract SDS extract

A tN B !

C, e C, C.
C, 0 c

C) C) C- 0Z
1 I T 1

.. P"{

SfS extract Medium

4 F11fl- 1

-

Coormassle Blue

mmunopreci pit ate

Figure 2. Comparison of "5S-methionine incorporation into total
protein and immunoprecipitable fibronectin in control and 21-d
treated DOC/salt rats. (A) Representative samples of the SDSextract
from tissue of control and treated rats. Each lane contains the equiv-
alent of 1% of the total SDSextract from a separate incubation con-
taining aortic rings from a single rat. (B) Autoradiogram of immuno-
precipitable radiolabeled fibronectin from the SDSextracts shown in
A. Each lane contains the material derived from 60,ug of protein in
the original extract. (C) Coomassie stained gel of the immunopreci-
pitable fraction of SDSextracts from control and DOC/salt treated
animals. Each lane contains the material derived from 60 Mg of pro-
tein in the original extract. (D) Representative samples of immuno-
precipitates obtained from the incubation medium of aortae from
control and DOC/salt-treated animals. Aliquots of the incubation
medium were precipitated with TCA, and the resuspended samples
immunoprecipitated with polyclonal antibody to fibronectin as de-
scribed in Methods. Each lane contains the equivalent of 5% of the
total incubation media. Arrows refer to the position of the molecular
weight standards myosin and ovalbumin, having molecular masses
of 205 and 46.5 kD, respectively.
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Table II. Effect of DOC/Salt Treatment on Aortic Fibronectin Biosynthesis

"5-Methionine incorporation into total protein "5-Methionine incorporation into fibronectin
Treatment

group n Supernate SDSextract SDSextract

pmol/fraction pmol/mg protein pmol FN/nmol
pmol/fraction pmol/mg protein pmol/fraction pmolmg protein x 102 X 102 protein X 102

Control (7 d) 4 322±70 357±34 782±23 565±35 4.53±0.3 3.31±0.4 5.81±0.45
DOC/salt (7 d) 5 480±33* 338±12 907±29* 517±25 16.7±2.8* 9.7±1.9* 18.6±3.4*
Control (21 d) 4 413±34 310±18 889±34 571±20 9.84±0.4 6.31±0.1 11.1±0.31
DOC/salt (21 d) 4 707±77* 264±9 1070±24* 387±20* 61.3±5.8§ 22.4±3.1* 57.6±6.1§

Values are means±SEM; * P < 0.05; t P < 0.01; § P < 0.001.

aortic tissue were analyzed, the supernatant and the SDSex-
tract. The amount of total protein in those fractions was greater
in the treated animals than in controls, presumably reflecting
the increased tissue wet weight. Incorporation of methionine
into total protein did not change in either fraction after 7 d of
treatment when the data were expressed as nanomoles of methi-
onine incorporated into TCA-precipitable protein per milli-
gram total protein. After 21 d of treatment, there was a de-
creased incorporation of methionine into protein for both the
supernatant and SDSextract when expressed relative to tissue
protein. However, in marked contrast to the comparisons
based on total protein incorporation, incorporation into im-
munoprecipitable fibronectin was significantly increased after
both 7 and 21 d of treatment. Whenthe data were expressed as
nanomoles of methionine incorporated into fibronectin rela-
tive to incorporation into total protein, there was threefold and
fivefold increase at 7 and 21 d of treatment, respectively. These
differences were even greater if the data were expressed as the
amount of newly synthesized fibronectin per total fraction.
This latter comparison is of some relevance since the cellular
response in this animal model is primarily one of hypertrophy,
not hyperplasia. Thus, the total number of vascular cells is
probably similar in treated and control tissue, despite the in-
crease in wet weight and tissue protein. Data are shown only for

BA 7 Days

0I 0
o

--

5

Polyclonal

21 Days

"I" 1oC
0f 0C

Polyclonal

C 21 Days

M

monoclonal (EIIIA)

Figure 3. Western blot analysis of fibronectin in aortic SDSextracts
from control and DOC/salt-treated animals. Each lane contains 20
zg protein from the SDSextract obtained from an individual rat
aorta. (A) Comparison of immunoreactive fibronectin in aortas of rats
treated with DOC/salt for 7 d with age-matched uninephrectomized
controls using the goat anti-human polyclonal antibody, which rec-
ognizes all forms of fibronectin. (B) Comparison of immunoreactive
fibronectin in aortas of rats treated with DOC/salt for 21 d with age-
matched uninephrectomized controls using the goat anti-human
polyclonal antibody. (C) Comparable data using a mouse anti-rat
monoclonal antibody directed specifically towards the sequence con-
tained within the EII1A insert. The lanes labeled FN standard contain
100 ng of purified rat plasma fibronectin.

the SDSextract, since almost no immunoprecipitable fibronec-
tin was found in the supernatant fraction from control or
treated animals.

Fig. 3, A and B, depicts representative data using Western
blot analysis to compare aortic fibronectin in control and hy-
pertensive rats. Each lane represents the SDSextract from aor-
tic rings of a single rat. There was a clearly visible increase in
aortic fibronectin in the DOC/salt-treated animals after either
7 or 21 d of treatment. Densitometric analysis of data obtained
from six animals in each age matched group after only 7 d of
DOC/salt treatment showed a three to sixfold increase in im-
munodetectable fibronectin even though blood pressure levels
did not exceed 160 mmHgin the treated rats. After treatment
for 21 d, immunodetectable fibronectin remained almost six-
fold greater than in nonhypertensive age-matched controls.
Fig. 3 Cshows a comparison between control and 21 -d treated
animals using a monoclonal antibody directed towards the
EIIIA region of fibronectin, which is contained only in that
alternatively spliced form of fibronectin thought to be made by
nonhepatic cells and not found circulating in plasma. Again,
there was an obvious increase in that form of fibronectin in the
aortic fraction from DOC/salt-treated animals, but the sensitiv-
ity of the method was not sufficient to obtain quantitative data
in control samples. The antibody had a very weak cross-reac-
tivity towards purified plasma fibronectin (FN standard), indi-
cating that the increased amounts of fibronectin in the extracts
from treated animals did not originate solely from circulating
protein.

A series of experiments were performed to determine if dif-
ferences in fibronectin biosynthesis could be found between
the SHRand age-matched control Wistar rats using 10, 20, and
40-wk old animals. Table III summarizes the data obtained.
Differences in blood pressure and heart weight/body weight
ratios were as expected, and aortic weight/body weight ratios
were consistently greater in the SHR. Total protein biosynthe-
sis in the SDS extract was similar in both strains and when
expressed relative to the protein concentration, there were only
slight differences as a function of age. A significant difference
between control and hypertensive animals with respect to fibro-
nectin biosynthesis was found using 10-wk old animals, with a
two to threefold increase being found in the vessels from hyper-
tensive animals, analogous to the findings in the DOC/salt
model. There was no significant increase in fibronectin biosyn-
thesis in the SHR of older animals when paired with age-
matched normotensive controls nor did there appear to be ma-
jor differences in overall protein biosynthesis. However, there
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was a striking increase in aortic fibronectin biosynthesis within
each strain as the animals aged from 10 to 40 wk, an increase
that did not occur in overall protein biosynthesis. Thus, the
ratio of fibronectin biosynthesis to total protein biosynthesis
for 10-wk old Wistar rats (6.64 X 10-2) was increased fourfold
and sixfold in 20 and 40-wk old Wistar animals. These relative
changes were not as obvious for the SHRbecause of the higher
rate of fibronectin biosynthesis in the 10-wk old animals.

Another hypertensive animal model used for these studies
involved infusion of angiotensin II at pressor levels using an
osmotic pump. This was done for either 3 or 13 d, and the
general protocol outlined above for measuring protein and fi-
bronectin biosynthesis was followed. The results are summa-
rized in Table IV. Animals infused with angiotensin II for 13 d
were hypertensive and had increased heart and aortic wet
weight. Animals infused for 3 d had only slightly elevated blood
pressures when measured before killing the animals, but the
increased aortic wet weight and a statistically insignificant in-
crease in heart weight suggested that blood pressure levels were
chronically elevated during the 3 d of treatment. Both protein
and fibronectin biosynthesis increased as a result of angioten-
sin II infusion at both time periods studied, although interassay
variability did diminish the statistical significance of the in-
crease in fibronectin biosynthesis.

Western blot analysis of the aortic SDSextracts from ani-
mals infused with angiotensin II showed marked increases in
fibronectin content even after only three days of treatment

A Angiotensin II

Control 3 days FN
Ir-

B
10 weeks

Control 13 days
I

20 weeks 40 weeks

Wistar SHR FN Wistar SHR FN Wistar SHR FN
I---I- I I I l I I1

C Wistar SHR

10 wk 20 wk 40 wk FN 10 wk 20 wk 40 wk FN
I 11 1 1 I

__-__ - w"U

Figure 4. Western blot analysis of aortic SDSextracts from control
and angiotensin II-infused animals and age-matched Wistar and SHR.
Each lane contains 20 ug of total protein from the SDSextract of a
single aorta. All comparisons were made using the polyclonal anti-
body recognizing all forms of fibronectin. (A) Treated animals were
infused with angiotensin II for 3 or 13 d. Comparisons are with age-
matched controls infused with saline for comparable periods. (B)
Comparison between age-matched Wistar and SHRat 10, 20, and 40
wk of age. (C) Comparisons between Wistar rats of different ages and
of SHRat different ages.

(Fig. 4 A). The relative increases as determined by densitome-
try ranged from three to eightfold at either time of infusion and
suggested major changes in the aortic extracellular matrix oc-
curred rapidly in response to angiotensin II infusion. These
changes also were seen in animals given the peptide for 13 d,
although the increases were not as marked as those observed at
the earlier time. Comparisons between age-matched Wistar
and SHRby Western blot analysis indicated slightly more im-
munoreactive fibronectin in the 10-wk old animals (Fig. 4 B),
densitometric analysis suggesting a 1.8-fold difference in rela-
tive intensity. At 20 and 40 wk of age the changes were less
obvious. Differences between age-matched animals at any of
the ages examined did not appear nearly as striking as those
observed with the DOC/salt-treated animals. However, if the
extracts from the same strain were compared as a function of
age (Fig. 4 C), there was a noticeable increase in immunodetec-
table fibronectin between 10 and 40-wk old animals both in the
Wistar and the SHR, consistent with the biosynthetic data
shown in Table III. The age-dependent increase did appear
more pronounced in the SHR.

Discussion

The in vitro studies presented in this study used metabolically
intact aortic rings to compare the biosynthesis of fibronectin in
normotensive and hypertensive rat models. The aortic rings
provided a useful metabolic preparation to assess both total
protein biosynthesis and the specific formation of immunopre-
cipitable fibronectin. Steady-state mRNAlevels for aortic fibro-
nectin were recently shown to be increased during the course of
experimental or genetic hypertension in rats, concomitant with
increases in immunodetectable fibronectin (19). The general
findings of increases in steady-state mRNA,fibronectin biosyn-
thesis, and immunoreactive fibronectin in the different models
suggest that transcriptional regulation is involved in mediating
the change in aortic fibronectin expression. In reviewing pub-
lished literature on factors influencing the biosynthetic rate of
fibronectin in cultured cells, it was suggested that fibronectin
mRNAwas the major determinant (24). Although it is possible
that posttranscriptional modifications at the level of protein
synthesis, covalent modification, matrix assembly, or degrada-
tion could also influence tissue fibronectin levels, it seems clear
that the increased aortic fibronectin mRNAlevels induced dur-
ing experimental hypertension can lead to increased aortic fi-
bronectin.

Aortic rings prepared using techniques similar to those de-
scribed in this study have become a well established experimen-
tal model to study the functional characteristics of vascular
tissue with respect to reactivity or endothelial dependent re-
sponses (25, 26). Although the importance of endothelial integ-
rity and tissue handling was emphasized with respect to glucose
metabolism (27) and recently by us with regard to fatty acid
oxidation (28), relatively few studies have used such prepara-
tions for studies of protein biosynthesis despite the ability of
carefully prepared tissue samples to retain pharmacological
characteristics in vitro for time periods exceeding 24 h. At-
tempts were made to minimize differences both in handling of
the animals before killing them and in manipulating the tissue
segments before incubation. The aortic segments proved to be
metabolically intact, and overall, the reproducibility of the pro-
cedure with respect to protein biosynthesis and fibronectin for-
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mation was sufficient to make quantitative comparisons be-
tween groups.

Total protein biosynthesis in aortic rings from normoten-
sive and hypertensive models was similar in these in vitro stud-
ies when normalized to total protein content. This was some-
what surprising since aortic hypertrophy is a consistent sequela
to the hypertensive state (29), with hypertrophy often being
defined as an increase in protein per cell. Using cultured vascu-
lar smooth muscle cells, studies have shown that incubation
with angiotensin II leads to a hypertrophic response that in-
cludes increased protein biosynthesis (30, 31). One explanation
for the similarity in protein biosynthesis between rings could be
that the rings are no longer subjected to mechanical forces that
exist in vivo, and increased wall tension could be a factor me-
diating the biochemical differences observed in vivo. Concern-
ing the effect of mechanical forces on protein metabolism, in-
creased mechanical tension on isolated pulmonary artery seg-
ments caused increased biosynthesis of collagen and elastin
(32) and studies using cultured smooth muscle cells showed
that collagen biosynthesis was increased by cyclic stretch-
ing (33).

The differences in aortic fibronectin biosynthesis between
control and hypertensive groups were most obvious in the
DOC/salt model, and the approximately sixfold increase in bio-
synthetic rate after 21 d of treatment is quantitatively similar to
the previously reported difference in fibronectin steady-state
mRNAlevels (19). Because of the protocol used, we cannot
completely rule out the possibility that changes in amino acid
uptake, precursor pools, or fibronectin degradation account for
the increase in net incorporation of labeled methionine into
immunoprecipitable fibronectin. However, the absence of sig-
nificant differences in net incorporation into total protein does
minimize the possibility that differences in uptake or precursor
pools affected the results. With respect to fibronectin degrada-
tion, we have not directly compared treated and control ani-
mals, but in separate experiments using normal aortic tissue, a
pulse-chase protocol indicated that the amount of labeled me-
thionine incorporated into fibronectin from the SDS extract
during a 4-h pulse was unchanged after a 2, 6, or 24-h chase
period. Thus the pool of newly synthesized fibronectin being
measured in these studies has a relatively slow turnover.

These data provide evidence that transcriptional events in-
fluenced fibronectin biosynthesis in the aorta, and also rein-
force the probability that the in vitro biosynthetic data reflect
events occurring in vivo. What was unexpected was the finding
that immunoreactive fibronectin was increased to such a signifi-
cant extent, even after only 7 d of DOC/salt treatment, when
blood pressure changes were modest. The immunochemical
assays measure fibronectin that might originate from circulat-
ing plasma as well as from aortic synthesis. Unless fibronectin
turnover is rapid in aortic tissue, the large difference between
treated and control groups could reflect increased insudation of
plasma fibronectin in addition to endogenously produced pro-
tein. Using the monoclonal antibody to the alternatively
spliced form of fibronectin containing the EIIIA insert, which
is known not to circulate in plasma, we were able to show
significant increases in endogenously produced material. How-
ever, this does not rule out the possibility of infiltration of
plasma fibronectin secondary to DOC/salt treatment.

The changes observed with age also showed a reasonable
correlation between fibronectin biosynthesis and the previ-
ously reported data (19) on steady-state mRNAlevels, which

increased progressively between 5 and 40 wk of age. In general,
the increased biosynthetic rate for fibronectin with age in both
Wistar and SHRwas consistent with steady-state mRNAdata
(19), and with the findings using Western blot analysis, where
increases were seen in the 40-wk old animals compared to
those of 10 and 20 wk of age. The similar fibronectin biosyn-
thetic rates between age-matched normotensive and hyperten-
sive animals were in contrast to our previously reported steady-
state mRNAdata, which suggested approximately two to three-
fold greater levels in hypertensive animals at the ages studied.
This could indicate that posttranscriptional regulatory mecha-
nisms may influence fibronectin biosynthesis as the animals
age and the composition of the extracellular matrix changes, or
it may reflect different regulatory mechanisms for fibronectin
expression in the SHRas compared to the Wistar. Interest-
ingly, comparisons of immunodetectable fibronectin between
the age-matched strains were more consistent with the biosyn-
thetic data than that for steady-state mRNA,further suggesting
the possibility of posttranscriptional control.

Fibronectin is generally considered to have an important
role in the process of wound repair, and there are analogies
between the vascular response to hypertension and wound re-
pair. Of potential relevance is the regulatory role of growth
factors in both processes. Transforming growth factor-(B (TGF-
fl) was shown to influence fibronectin expression in cultured
fibroblasts (34, 35) and is generally thought to influence the
wound repair process in vivo, in part by its effects on the extra-
cellular matrix. However, TGF-,3 did not influence collagen or
fibronectin expression in cultured smooth muscle cells (36,
37). Wehave shown that TGF-f# mRNAlevels were increased
in aortae of rats treated with DOC/salt (38) suggesting the possi-
bility of autocrine or paracrine influences on aortic extracellu-
lar matrix, but there is no definitive study to date showing that
TGF-f modulates aortic gene expression in vivo. Although
growth factors clearly have a role in influencing fibronectin
expression, many other regulatory agents have been proposed
and it is premature to state whether hemodynamic forces, para-
crine and autocrine regulation, or intracellular regulatory
events have a predominant role within the vessel wall. How-
ever, the use of metabolically intact aortic rings that maintain
cell to cell and cell to extracellular matrix interactions in a
manner which is perhaps more physiological than that present
in cell culture, offers a potentially valuable system for deter-
mining the factors regulating fibronectin biosynthesis.
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