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Abstract

Hypertension causes biochemical and morphological changes
in the vessel wall by unknown mechanisms. Locally produced
substances may have a role in mediating these vascular
changes. We have studied the expression of platelet-derived
growth factor (PDGF) B chain and PDGF A chain, insulin-like
growth factor (IGF)-I and IGF-II, endothelial cell growth fac-
tor (ECGF), basic fibroblast growth factor (bFGF), and trans-
forming growth factor-, (TGF-ft) in aortic tissue from normo-
tensive rats and rats made hypertensive by deoxycorticoste-
rone (DOC)/salt treatment. Using Northern blotting, we found
that genes for each of these growth factors were transcription-
ally active in the aorta of both normotensive and hypertensive
rats. TGF-ft aortic mRNA levels increased up to threefold as a

result of DOC/salt hypertension. In contrast, no major
changes in the expression of either PDGF chain, IGF-I or II,
ECGF, or bFGF were detectable. The results indicate that at

least seven genes coding for growth factors that were shown
previously to influence growth and function of vascular cells in
vitro, are expressed in rat aorta in vivo. These findings support
the hypothesis that synthesis and release of growth factors in
the arterial wall are involved in autocrine and/or paracrine
regulatory mechanisms. In addition, the increased expression
of TGF-#t in vivo may have a role in mediating the aortic
changes induced by hypertension.

Introduction

Hypertension is a major risk factor for strokes, myocardial
infarction, and peripheral vascular disease (1). Hemodynamic
factors are important in the localization and initiation of ath-
erosclerotic lesions (2, 3), and hypertension seems to accelerate
atherogenesis in experimental animal models as well as in
humans (3, 4). Even in species resistant to dyslipidemia and
lipid deposition in the arterial wall, such as the rat, hyperten-
sion causes a large number of functional and morphological
alterations in the vessel wall, including hypertrophy and in-
creased turnover of endothelial cells (3, 5), hypertrophy, poly-
ploidy, and intimal migration of medial smooth muscle cells
(SMC)' (3, 6), adhesion and subendothelial migration of
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1. Abbreviations used in this paper: aFGF, acidic fibroblast growth
factor; bFGF, basic fibroblast growth factor; DOC, deoxycorticoste-

blood mononuclear cells (5), and extracellular matrix accu-

mulation (3).
The molecular mechanisms whereby increased intravascu-

lar pressure affects the vessel wall in vivo are unknown. How-
ever, studies using cultured cells have indicated that a number
of different polypeptide growth factors can influence vascular
cell function and proliferation. Several growth factors have
been shown to be made in vitro by endothelial cells (7-9),
smooth muscle cells (9-1 1), and blood mononuclear cells (7,
12, 13). Multiple effects of different growth factors on these
cell types led to suggestions that complex autocrine and para-
crine control mechanisms exist in vivo in vascular tissue (7,
12). With the exception of recent studies showing the presence
of mRNAs for platelet-derived growth factor (PDGF) A- and
B chains in adult rat aorta (10) and increased mRNA for
PDGF B chain suggested to be present in human atheroscle-
rotic plaques (14), there is a paucity of data on local produc-
tion of growth factors by vascular tissue in vivo.

In the current study we have used seven cDNA probes
coding for different growth factors, shown previously to influ-
ence the growth and function of cultured vascular cells, to
study growth factor mRNA expression in normotensive and
hypertensive rat aortas. The choice of studying several differ-
ent growth factors was made since they are likely to be part ofa
complex cellular signaling language (12); therefore, the
changes in cell function and growth that occur in vivo in ex-
perimental hypertension could be due to the pattern of regula-
tory peptides to which cells are exposed.

Methods

Experimental animal models. Male Wistar rats (Charles River Breed-
ing Laboratories, Inc., Wilmington, MA) were uninephrectomized at
10 wk of age and a pellet containing 100 mg deoxycorticosterone
acetate (DOC; Innovative Research of America, Toledo, OH) was im-
planted subcutaneously 1 wk after uninephrectomy. At the same time,
animals were given 1% NaCl as drinking water. Control treatments
included uninephrectomy alone and uninephrectomy plus DOC im-
plant but with low sodium diet pellets (0.4% NaCl; Teklad Inc., Ma-
dison, WI) and tap drinking water. For each treatment at least three
groups of rats were prepared. Systolic BP was measured as previously
described by tail cuff plethysmography and a photoelectric cell detec-
tor (5). BP measurements were made 1 d before killing the animals,
and those with 150 mmHg (and above) of systolic pressure were con-

sidered hypertensive. Average systolic pressures for groups of six rats

treated with DOC/salt for 7, 14, or 21 d were 128, 162, and 185 mmHg,
respectively. Uninephrectomized control rats had BPs that varied from
11 1 to 143 mmHg during the treatment period. Animals were killed by
an overdose of pentobarbital after the designated treatment period.

rone acetate; ECGF, endothelial cell growth factor; IGF, insulin-like
growth factor; PDGF, platelet-derived growth factor; SMC, vascular
smooth muscle cells; TGF-f3, transforming growth factor beta.
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Aortas were cleaned of periadventitial tissues, rinsed in cold physi-
ological saline solution, and quickly frozen in liquid nitrogen. For
some experiments aortas were opened longitudinally and the endothe-
lium scraped with a scalpel blade, followed by rinsing in cold physio-
logical saline solution. Microscopic evaluation of comparable aortas
showed complete loss of endothelium except in areas around the ori-
fices of branch vessels. A minimum of three animals was included in
each group and the aortas were pooled for RNA extraction.

RNA extraction and analysis. Total RNA was extracted using
minor modifications of the guanidinium-thiocyanate/cesium chloride
centrifugation method (15). 20 gg of total RNA of each sample was

quantified by UV spectrophotometry and separated through 1% aga-
rose/l M formaldehyde gel electrophoresis. Northern blotting was
performed by capillary transfer in lOX standard saline citrate (SSC)
(1X SSC is 0.15 M NaCl, 0.015 M sodium citrate, pH 7) to nylon
membrane (Gene Screen Plus; DuPont-New England Nuclear, Wil-
mington, DE). The membranes were briefly rinsed in 2X SSC and
nucleic acid crosslinking was performed by ultraviolet irradiation for 6
min on a transilluminator (312-nm wavelength). The blots were then
baked at 80'C for 1 h in a vacuum and hybridization was performed
using the following modifications of a published procedure (16). Pre-
hybridization was carried out for 2 h at 650C in a hybridization buffer
containing 1% BSA, 5X SSPE (1X SSPE is 0.15 M NaCl, 0.01 M
sodium phosphate, 0.001 M Na2EDTA, pH 7.4) supplemented with
NaCI to reach 0.9 M NaCI, 4% SDS, 10% dextran sulfate, 500 Ag/ml
heparin, and 200 Mg/ml sonicated and denatured salmon sperm DNA.
Hybridization was performed for 20 h at 650C using cDNA probes
labeled by the random hexamer priming procedure (17). After hybrid-
ization, membranes were washed three times for 20 min at 550C with
1% SDS and lX, 0.5X, and 0.2X SSC, respectively. Blots were then
exposed to preflashed x-ray films (Kodak X-Omat) between two in-
tensifying screens (Cronex lightning plus; DuPont Instruments, Wil-
mington, DE) for 6 h-5 d at -80'C. Developed films were scanned by
laser densitometry to quantitate the relative signal intensity of the
bands obtained. The size in kilobases of the detected mRNAs was

calculated on the basis of the 18S and 28S ribosomal RNA migration
from the gel wells.

cDNA probes. To detect specific mRNAs for the growth factors
studied, the following human cDNA probes were used: (a) 1-kb c-SIS
(PDGF B chain) obtained from Amersham Corp., Arlington Heights,
IL, (b) 1.3-kb PDGFA chain from C.-H. Heldin and C. Betsholtz (18),
(c) 1. 1-kb insulin-like growth factor (IGF)-I B obtained from P. Rot-
wein (19), (d) 0.17-kb IGF-II (part of the coding region of the E do-
main) from M. Jansen (20), (e) 2.2-kb endothelial cell growth factor
(ECGF) from American Type Culture Collection, Rockville, MD (de-
posited by M. Jaye; Meloy Laboratories Inc., Springfield, VA) (21), (f)
1.4-kb basic fibroblast growth factor (bFGF) obtained from J. A.
Abraham and J. C. Fiddes (California Biotechnology, Inc., Mountain
View, CA) and D. Gospodarowicz (22), and (g) 1.0-kb transforming
growth factor-j# (TGF-#t) from R. Derynck (Genentech Inc., South San
Francisco, CA) (23). To validate the differences in hybridization signal
intensities, a 1.5-kb rat jl-actin cDNA probe was used as a control (24).
The highly conserved sequences for growth factors between species (9,
13) was one factor that allowed us to study growth factor gene expres-
sion in rat tissues using human cDNAs.

Results

The expression of TGF-, in aortic tissue from control and
hypertensive rats is shown in Fig. 1. TGF-# mRNA was ex-
pressed in approximately equivalent amounts in aortic tissue
both containing and lacking endothelial cells, suggesting the
medial SMC as the major source. A consistent increase in
expression of TGF-# mRNA was observed in aortas from hy-
pertensive rats after DOC/salt treatment. Fig. 1 shows data
using RNA from three separate groups of rats treated for 3 wk,

"O Figure 1. TGF-f3 gene
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(Top) TGF-ft gene expression. (-) endothel. control, RNA extracted
from endothelium-scraped aortas of untreated rats. DOC/salt groups
were all treated for 3 wk. 2 d exposure time. (Bottom) ,8-Actin gene
expression. The same blot previously hybridized with human TGF-,B
cDNA probe was rehybridized with a rat fl-actin cDNA probe. 3 h

exposure time.

each group consisting of a pool of at least three aortas. The
increased expression observed after the third week of treat-
ment was somewhat variable, with the level of TGF-# tran-

scripts increasing from 1.5- to 3-fold, as judged by laser densi-

tometry of the preflashed films. DOC administered with a low
salt diet for up to 3 wk did not increase BP nor change TGF-f3
expression (data not shown). Although a modest increase in
mRNA appeared between 1 and 2 wk ofDOC/salt administra-
tion, the most consistent change was after 3 wk of DOC/salt
administration, a time when BP was clearly elevated for at

least 10 d. In Fig. I (bottom) a f3-actin cDNA probe was hy-
bridized on the same blot to show the specificity of the change
in gene expression and also as a control of the quality and
quantity of the RNA present on the blot. The level of f3-actin
mRNA (- 2.2 kb) did not change as a result of DOC/salt
treatment.

Fig. 2 A shows the presence ofPDGF B chain transcripts in
rat aorta. The size of the mRNA was - 3.5 kb and the signal
was readily detected. Uninephrectomized animals had expres-
sions of aortic PDGF B similar to untreated control animals.
The PDGF B chain mRNA levels in aortic tissue were similar
to rats treated with DOC/salt for 1, 2, or 3 wk, thereby en-

compassing both prehypertensive and hypertensive animals,
and no differences were detected between control animals and
those treated with DOC/salt.

The gene for PDGF A chain also was transcriptionally ac-

tive in aortic tissue (Fig. 2 B). Three mRNAs of different sizes
were present (- 2.8, 2.3, and 1.7 kb, respectively), with the
1.7-kb message being the most abundant. As with the B chain
gene, the expression of the A chain gene was not altered after
DOC/salt hypertension when compared with uninephrecto-
mized rats or animals given DOC and a low salt diet. In exper-
iments not shown, it was established that removal ofthe endo-
thelium before RNA extraction did not alter the relative
abundance of either the PDGF A- or B chain mRNA, again
suggesting that the medial SMC is the predominant cell type
responsible for the mRNA detected.

Representative data on the expression of IGF-I and -II are

shown in Fig. 3. Aortic tissue expresses transcripts for IGF-I of
at least two different sizes, - 7.8 and 0.8 kb, respectively. The
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Figure 2. PDGF gene expression in aortic tissue. Northern blot hy-
bridization analysis of rat aortic RNA from hypertensive and normo-

tensive animals. Data are presented as in Fig. 1. (A) PDGF B chain
gene expression. Weeks of treatment were as indicated above each
lane. Control untreated and uninephrectomized animals were age
matched. 1 d exposure time. (B) PDGF A chain gene expression. 2 d
exposure time.

intensity of the 7.8-kb band underlines the relative abundance

of this mRNA species as well as the quality of high mol wt

RNA, which appeared undegraded. The mRNAs levels of

IGF-I did not change with DOC/salt treatment or when DOC
was administered with a low salt diet.

The expression of IGF-II in rat aorta is shown in Fig. 3 B.
Transcripts specific for IGF-II had a size of 3.9 kb and were

readily detectable in 20 ,gg of total RNA. No consistent change
in relative abundance was seen between normal and unine-
phrectomized rats given DOC and low salt diet or made hy-
pertensive by DOC/salt treatment.

Fig. 4 A shows the expression in aorta of ECGF, a precur-
sor of acidic fibroblast growth factor (aFGF). A single mRNA
species was identified with a size of - 4.4 kb. The level of
ECGF mRNA did not change in response to DOC/salt hyper-
tension.

Fig. 4 B shows the expression of bFGF in aorta. A single
transcript of 7.0 kb was detected in aorta, but as for most of
the growth factors that we found expressed in aorta, DOC/salt
hypertension did not change the mRNA level of bFGF in
comparison with control groups. The signal for bFGF was of
lesser intensity than that for ECGF or any of the other growth
factors tested. However, since human probes were used for
these studies in the rat, it cannot be determined with certainty
that the signals measured are an accurate reflection of the
transcript's abundance.

Discussion

In the present study we have used seven human cDNA probes
complementary to regions ofPDGF B chain, PDGF A chain,
IGF-I, IGF-II, ECGF, bFGF, and TGF-j3 mRNA to identify
the corresponding mRNA moieties in rat aortic tissue. An
important finding was that mRNA for all the growth factors
tested was present in aortic tissue, thereby establishing that
growth factors, previously suggested to be involved in regula-
tion of vascular growth based on studies with cultured cells,
actually are made in aortic tissue. A second important obser-
vation made in this study was that aortic TGF-,3 expression
increased several-fold in DOC/salt hypertension, in contrast to
the apparently constitutive expression of the other growth fac-
tors tested. The presence ofTGF-,B in aortic tissue has not been
shown previously and the increased expression during DOC/
salt hypertension represents a unique example ofgrowth factor
expression being altered in vascular tissue ofhypertensive ani-
mals.

TGF-,B is a multifunctional modulator of cell metabolism
and growth in vitro (12, 13) and affects both cultured endothe-
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Figure 3. IGF expression in aortic tissue.

Northern blot hybridization analysis of rat

aortic RNA from hypertensive and normoten-

sive animals. Data are presented as in Fig. 1

(A) IGF-I gene expression. 16 h exposure time.

(B) IGF-II gene expression. 3 d exposure time.
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Figure 4. FGF expres-
sion in aortic tissue.
Northern blot hybrid-
ization analysis of rat
aortic RNA from nor-
motensive and hyper-
tensive animals. Data
are presented as in Fig.
1. (A) ECGF (aFGF)

28S gene expression. 3 d ex-
posure time. (B) bFGF
gene expression. 4 d ex-
posure time.

Hal cells and SMC by either inhibiting or modulating growth
patterns (13, 25). In cultured SMC, TGF-3 may stimulate syn-
thesis and secretion ofproteoglycans and other components of
the extracellular matrix (13, 26). Several of the effects pro-
duced by TGF-t3 in various cultured cell systems also occur in
aortic tissue during different forms of hypertension, including
DOC/salt treatment (3, 5, 6). The current study has focused
only on the DOC/salt model of experimental hypertension;
therefore, we cannot generalize to other models. Furthermore,
we have measured the mRNA steady-state levels and did not
determine whether the increased message level actually was
associated with augmented expression ofthe protein, although
a similar increase of TGF-3 mRNA in cell culture was asso-
ciated with a parallel increase in TGF-3 protein (27). If in-
creased TGF-i3 synthesis and secretion accompany the in-
creased expression of this gene in aortic tissue, this may be an
important factor in the modulation of cell growth, phenotypic
expression, and extracellular matrix accumulation in the aorta
of DOC/salt hypertensive rats.

The presence of both PDGF A- and B chains in aortic
tissue and the absence of appreciable change in mRNA ex-
pression after hypertension confirms a recent report showing
similar but relatively low amounts of PDGF transcripts in
aortic tissue ofboth newborn and adult rats (10). The PDGF B
chain transcripts found in adult aortic tissue could arise from
endothelial cells, residual adventitial cells, or blood cells, but it
seems more likely that medial SMC are the synthetic site for
aortic PDGF B chain in vivo. Our observation that the relative
amount of the PDGF B chain mRNA was similar in aortas
that either contained or did not contain endothelial cells indi-
cates that endothelial cells are not the major source of this
mRNA.

Our finding of IGF-I and IGF-II expression is the first
evidence for the active transcription of the IGF genes in aorta

of adult animals, suggesting a role for IGFs in vivo as sub-
stances modulating endothelial and SMC function and
growth. It seems that most ofthe proliferative action ofPDGF
on SMC in vitro is not direct but depends upon the synthesis,
secretion, and autocrine activity of IGFs (7). A recent report
has shown increased expression of IGF-I and IGF-II in be-
nign and malignant smooth muscle tumors, suggesting an in
vivo autocrine action on smooth muscle cells of different
origin (28).

We also found both ECGF and bFGF expression in rat
aorta. In cell culture, ECGF has been found in SMC, though
not in endothelial cells (1 1). Recent reports indicate that bFGF
can be produced by both vascular cell types in culture (9, 29),
and we have found that bFGF is expressed also in endothe-
lium-scraped aortic tissue (data not shown), consistent with
the reported capacity ofSMC in vitro to express bFGF. ECGF
and bFGF are growth factors for cultured endothelial cells and
SMC, bind to the same receptor, and are angiogenic in vivo
(9). PDGF, IGF-I, and bFGF can interact on cultured rat SMC
through their specific receptors (30), a phenomenon termed
transmodulation, or receptor cross-talk (12). In vivo, interac-
tions between PDGF and IGF-I appear to be important in
stimulating fibroblast proliferation and wound repair (31).
Thus, the physiological significance of multiple growth factor
expression in aortic tissue may be to regulate cell growth and
function through autocrine and paracrine mechanisms, sup-
porting concepts developed through studies with cultured cells.

The effects of hypertension on gene expression in the car-
diovascular system are just beginning to be studied. We have
recently shown that the mRNA for a specific fatty acid binding
protein was markedly suppressed in aortic tissue in three dif-
ferent models of experimental hypertension (32), and that hy-
pertension induced isoform-specific modulation of Na',K+-
ATPase subunits expressed in both cardiac and aortic tissue
(33). The present report extends such studies on vascular gene
expression to growth factors, and is consistent with a role for
such substances in regulating the cellular changes that occur in
vascular tissue in response to hypertension. Alterations in au-
tocrine and paracrine regulation due to changes in growth
factor expression may influence the development of vascular
disease in large arteries or in resistance vessels.
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