Blood Pressure Regulates Platelet-derived Growth Factor A-chain Gene
Expression in Vascular Smooth Muscle Cells In Vivo
An Autocrine Mechanism Promoting Hypertensive Vascular Hypertrophy

Nobuo Negoro, Yoshiharu Kanayama, Masashi Haraguchi, Naohiro Umetani, Masayo Nishimura, Yoshio Konishi,
Junko Iwai, Mikio Okamura, Takatoshi Inoue, and Tadanao Takeda
First Department of Internal Medicine, Osaka City University Medical School, Osaka, 545, Japan

Abstract

To clarify the role of PDGF A-chain in hypertensive vascu-
lar hypertrophy of spontaneously hypertensive rats (SHRs),
we studied levels of PDGF A-chain gene expression and
transcription factors related to the gene in vascular smooth
muscle cells (VSMCs) of SHRs in vivo. RNase protection
assay and in situ hybridization showed that PDGF A-chain
mRNA levels in VSMCs of SHRs were twofold higher than
in those of normotensive Wistar—Kyoto rats. Gel retarda-
tion assays showed that levels of Sp1 and AP-2 in VSMCs of
SHRs were twofold more abundant than in those of Wistar-
Kyoto rats. Treatment with four pharmacologically differ-
ent species of antihypertensive drugs for 2 wk decreased the
levels of both PDGF A-chain mRNA and Spl, but not AP-
2 level in VSMCs of SHRs with regression of aortic hyper-
trophy, indicating that increases in levels of both PDGF A-
chain mRNA and Spl in VSMCs of SHRs were associated
with high blood pressure. These results suggest that high
blood pressure is a stimulus which upregulates PDGF A-
chain gene expression in VSMCs of SHRs, resulting in an
autocrine enhancement in hypertensive vascular hypertro-
phy, and that the activation of the gene may be mediated
through increases in Sp1 in these cells. (J. Clin. Invest. 1995.
95:1140-1150.) Key words: hypertension ¢ vascular hyper-
trophy + PDGF A-chain ¢ transcription factors « antihyper-
tensive drugs

Introduction

Hypertensive vascular hypertrophy is a major pathological
change in blood vessels after chronic exposure to high blood
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pressure, and is characterized by the hypertrophy of vascular
smooth muscle cells (VSMCs)' (1-3). Vascular hypertrophy .
stimulates arteriosclerosis of vessel walls, resulting in accelera-
tion of hypertension due to elevation of arterial resistance and
also in progress of atherosclerosis in systemic vessels.

The molecular mechanism by which high blood pressure
causes hypertensive vascular hypertrophy in VSMCs has not
yet been determined. Although antihypertensive treatments can
reduce hypertensive vascular hypertrophy, up to 6 yr of antihy-
pertensive treatment may be necessary to achieve normal vascu-
lar structure in patients with essential hypertension (4). There-
fore, understanding the mechanisms of hypertensive vascular
hypertrophy may allow the development of novel therapeutic
approaches for the prevention of hypertensive vascular injury
and the progress of atherosclerosis in hypertensive patients.

It has been suggested that numerous cellular growth regula-
tory molecules, in particular PDGF, are responsible for the mi-
gration, proliferation, and formation of connective tissue by
VSMCs in vitro (5, 6). Recent studies (7—10) showed that
antisense PDGF A-chain oligonucleotides and antibodies to
PDGF A-chain inhibited growth of cultured VSMCs by potent
growth factors, IL-1, IL-6, angiotensin II (A II), and TGF-
B, indicating that the proliferation-inducing activities of these
factors are mediated by autocrine secretion of a dimer of PDGF
A-chain (PDGF-AA) in cultured VSMCs. Thus, PDGF-AA may
be an important peptide for proliferation of VSMCs and a candi-
date growth regulatory molecule for the hypertrophy of VSMCs
in hypertension.

PDGEF is an 28-35 kD peptide which is present in platelets
and is secreted from VSMCs, endothelial cells, macrophages,
and fibroblasts (5, 11). PDGF is composed of two closely re-
lated but nonidentical protein subunits, PDGF A-chain and B-
chain, which form three possible dimeric configurations; AA,
BB, and AB. All three forms of PDGF are mitogenic by binding
to specific high-affinity cell surface receptors on mesenchymal
cells such as VSMCs, fibroblasts, astrocytes, and osteoblasts
(5). PDGF receptors consist of combinations of two different
subunits, a- and S-receptors, which dimerize to form three dis-
tinct receptors; aa, af3, and BB. According to the ligand speci-
ficity of the receptors, PDGF-AA binds aa receptor, PDGF-
AB, aa, or af} receptor, and PDGF-BB, af, or 8 receptor
(12). The relative biological activity (mitogenicity and chemo-
tactic activity) depends upon both the isoform of PDGF dimer
and the relative number of a- and B-receptor subunits on the
cell surface (12, 13). In vivo, normal VSMCs constitutively
express small amounts of PDGF A-chain mRNA, produce ho-
modimeric PDGF-AA, and evidently express PDGF a- and -
receptors (12, 14), while they rarely express PDGF B-chain
mRNA or PDGF B-chain peptide, and PDGF B-chain mRNA
is only detected in atherosclerotic lesions (15, 16).

Spontaneously hypertensive rats (SHRs) are a useful ge-



netic animal model of human essential hypertension, in which
systolic pressure at 10 wk is elevated up to 160 mmHg, and
aortas of SHRs show typical hypertensive vascular hypertrophy
after 12 wk of age (17).

Recent studies (18, 19) have shown that the frequency of
initiation of mRNA synthesis depends on nuclear transcription
factors binding to cis elements in gene promoters. If PDGF A-
chain gene expression is modulated in hypertrophic VSMCs
of SHRs, some transcription factors may be involved in the
transcriptional changes of the gene in these cells.

In the present study, to examine the role of PDGF A-chain
in hypertensive vascular hypertrophy of SHRs, we studied
PDGF A-chain gene expression and transcription factors related
to the gene in hypertrophic VSMCs of these animals in vivo.
We found that an increase in PDGF A-chain gene expression in
VSMCs of SHRs was associated with the hypertensive vascular
hypertrophy, and that transcription factor Spl may mediate the
increase of PDGF A-chain gene expression in hypertrophic
VSMCs in the hypertensive rats.

Methods

Animals. Male 12-wk-old SHRs were obtained from Charles River Ja-
pan, Inc., Yokohama, Japan. Age-matched male 12-wk-old Wistar-Ky-
oto (WKY) and Sprague-Dawley (SD) rats were also purchased and
used as normotensive controls. Animals were fed a normal sodium
diet containing 0.3% sodium, and tap water ad lib. Pharmacologically
different species of antihypertensive drugs were administered orally or
through a catheter into the esophagus every day for 2 wk. The doses of
antihypertensive drugs were as follows: angiotensin-converting enzyme
inhibitor (enalapril), 25 mg/kg per d; a-blocker (doxazosin), 1 mg/
kg per d; Ca-antagonist (nicardipine), 15 mg/kg per d; and smooth
muscle relaxant (hydralazine), 10 mg/kg per d. Blood pressure was
measured by the tail-cuff method.

Tissue preparation. Animals were anesthetized with pentobarbital
and killed by exsanguination through the abdominal aorta. VSMCs of
the thoracic aorta medial layer were carefully separated from the endo-
thelium and adventitia by stainless steel oculist’s forceps under a dis-
secting microscope. Care was taken not to include adventitial tissue in
samples. This technique is identical to that used for the isolation of
cultured VSMCs. No contamination of endothelium or adventitia was
found in any samples by light microscopic examination of hematoxylin
eosin-stained specimens or by Northern blot analysis for angiotensin-
converting enzyme and PDGF B-chain/c-sis mRNAs, both of which
are absent from VSMCs (15). Hypertrophy index was calculated by
the ratio of weight of total thoracic aorta to body weight in each rat.

Purification of RNA. Aortic medial layers were immediately lysed
in guanidium solution containing 4 M guanidine isothiocyanate, 50 mM
potassium acetate (pH 5.1), 0.5% sodium lauryl sarcosinate, and 1%
(vol/vol) 2-mercaptoethanol, and homogenized in a Polytron (Brink-
mann Instruments Inc., Westbury, NY) at high speed for 15 s. Total
cellular RNA was isolated from the lysate by a step gradient ultracentrif-
ugation with cesium trifluoro acetic acid (Pharmacia LKB Biotechnol-
ogy Inc., Uppsala, Sweden). RNA concentration was determined by
OD at 260 nm. Ratios of OD,6nm t0 OD1gonm Of the samples were ~ 2.0.

Cloning and identification of PDGF A-chain and glucose-6-phos-
phate dehydrogenase (G6PD) cDNAs. Cloning of PDGF A-chain and
G6PD cDNAs was performed by insertion of PCR products into cloning
expression vectors (20, 21). Oligonucleotide primers were synthesized
with an automatic DNA synthesizer (Applied BioSystems, Inc., Tokyo,
Japan). Primers were identical to the 5’-end (5'-AAGCATGTGCCG-
GAGAAGCG-3') and complementary to the 3’-end (5’-GTCCAG-
GTGAGGTTAGAGGA-3") of the coding region of rat PDGF A-chain
¢DNA (22), and identical to the 5'-end (5’-GAGGACCAGATCTAC-
CGCAT-3') and complementary to the 3’'-end (5'-GTCCGTGAT-
GAGAAGGTCAA-3") of the coding region of rat G6PD cDNA (23).

First strand cDNA was synthesized from total RNA with Moloney
murine leukemia virus reverse transcriptase (Bethesda Research Labora-
tories, Gaithersburg, MD), heat-denatured at 95°C for 5 min and diluted
to 100 ul with distilled water. 10 ul of the diluted cDNA product was
mixed with 10 ul of 10 X PCR buffer (0.1 M Tris-HCI [pH 8.3 at
23°C], 0.5 M KCl, 25 mM MgCl,, and 0.1% [wt/vol] gelatin), 8 ul
of 1.25 mM each dNTP, 5 ul of 10 mM upstream sense primer, 5 ul
of 10 mM downstream antisense primer, and 2.5 U of Taq DNA poly-
merase (Perkin-Elmer Cetus Instruments, Norwalk, CT), and the vol-
ume was adjusted to 100 ul with distilled water. PCR was performed
for 30 cycles in an automatic thermocontroller with a thermal cycle
profile for amplification of target sequences of (a) denaturing for 1 min
at 94°C, (b) primer annealing for 2 min at 58°C, and (c) primer exten-
sion for 2 min at 72°C. PCR products were cloned into pCR II cloning
vector (Invitrogen, La Jolla, CA) according to the manufacturer’s in-
structions. Insert-positive plasmids were sequenced by the dideoxy-
nucleotide chain-termination method using Bca DNA polymerase (Ta-
kara Shuzo Co., Kyoto, Japan) (24). After sequencing to determine the
orientation of the fragment within the plasmids, the DNA was linearized
by digestion with HindIII or Xhol to make templates for riboprobes.

RNase protection assays. The antisense riboprobe for PDGF A-
chain mRNA used in the present study was capable of detecting all
three forms of alternatively spliced transcripts of the PDGF A-chain
gene (25). The riboprobe was synthesized by incubation of 0.5 ug
(~ 0.2 pM) linearized plasmid template DNA of PDGF A-chain in a
total volume of 10 ul containing 1 X transcription buffer (Takara Shuzo
Co.), 10 mM DTT, 10 U of placental RNase inhibitor (Pharmacia LKB
Biotechnology Inc.), 1 ng of BSA, 0.5 mM each of ATP, GTP, and
CTP at a concentration of 50 uCi [a-3?P]UTP (~ 800 Ci/mM; Amers-
ham Japan, Inc., Tokyo, Japan), 10 U of T7 RNA polymerase, and
RNase-free water (26). After incubation for 60 min at 37°C, 0.5 nM
each of ATP, GTP, CTP, and UTP and 5 U of T7 RNA polymerase
were added to the mixture for elongation of the radiolabeled riboprobe
to the full length. After incubation for 60 min at 37°C, 1 ug RNase-
free DNase (Takara Shuzo Co.) was added to the mixture and incubated
for 15 min at 37°C. The samples were electrophoresed through 4%
polyacrylamide/8 M urea gels which were then exposed to XAR x-ray
film. The gel fragment at the positive signal was excised and the ribo-
probe was eluted by overnight incubation at 37°C in 0.5 M sodium
acetate (pH 5.0) and 1 mM EDTA (27). Riboprobes were labeled to
a specific activity of ~ 2.5 X 10® cpm/pug.

RNase protection assays were performed according to the manufac-
turer’s instructions (RPA II; Ambion, Inc., Austin, TX). Pooled samples
of total RNA (3 pg) from VSMCs in each group were hybridized
overnight with molar excesses of PDGF A-chain riboprobe (10° cpm
= ~ 400 pg). Single-stranded RNA was removed by digestion with
RNase A/RNase T1 for 30 min at 37°C followed by incubation for 15
min at 37°C with proteinase K and 10% SDS. The protected fragments
were phenol-chloroform extracted, ethanol precipitated, and analyzed
on 4% polyacrylamide/8 M urea gels, which were then dried and ex-
posed to XAR x-ray film with an intensifying screen for 3-5 d.

Equal amounts of RNA were applied to each gel, as confirmed by
RNase protection assay using a riboprobe for G6PD mRNA, a
housekeeping gene transcript assumed to be similarly abundant in
VSMCs and not to change in experiments. The G6PD antisense ribo-
probe was synthesized from the linearized plasmid template by the same
method used for the PDGF A-chain riboprobe with the exception of
incubation with SP6 RNA polymerase at 40°C instead of incubation
with T7 RNA polymerase at 37°C. RNA samples (3 pg) from VSMCs
were hybridized overnight with molar excesses of riboprobe G6PD re-
ceptor (2 X 10° cpm = ~ 800 pg) and RNase protection assays were
performed as described above.

The rat PDGF A-chain riboprobe used in the present study consisted
of 431 nucleotides corresponding to 304 nucleotides of the PDGF A-
chain coding region and 127 nucleotides of vector sequences. The G6PD
riboprobe used in these studies consisted of 412 nucleotides correspond-
ing to 293 nucleotides of the G6PD coding region and 119 nucleotides
of vector sequences. For comparison of amounts of PDGF A-chain
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Table 1. Oligonucleotide Sequences Used in the Gel
Retardation Assay

Transcription factor Sense oligonucleotide sequence

Spl GCCCCAAACCCGCCCCCCTCCTTC
AP-2 TTCAGATGCCCCAGGCCTCGGATC
Egr-1* CGGATCCTGCGGGGGCGCGTGGCAG
TBP CGGCGGCGGCTATAACCCTCTCCCC
SRF TCCCCCTCCTTTTATGGAGAGAGG
GC factor CGGAGCGCGCGGGGCGACGGCTCT

SSRF GCTCCAGCCGGTCTCCTGTGGCGG

-906 -570 -552
Sp1 AP2 ) Sp1 —
-550(Egr-1
-512 -477 -416 -411
— Sp1 SRE Sp1 | Spi
-415| GCF

72 -66 60  -31 ] +779
— Spi “ Sp1 TATA [z SSRE

Sp1
-70{Egr-1 -64( Egr-1|

Figure 1. Known transcription factor binding sites in the promoter region
of the human PDGF A-chain gene. In the promoter region of the gene,
there are a TATA box, eight Sp1 sites, two Egr-1 sites, an AP-2 site,
a GC factor (GCF) site, a serum response element (SRE) and a shear
stress responsive element (SSRE). Numbers at the top indicate relative
position in base pairs from the initiation site of transcription.

mRNA in VSMCs, scanning densitometry was used to give quantitative
data.

In situ hybridization. In situ hybridization was performed by a slight

modification of the method described previously (28). Briefly, tissues
were immediately immersion fixed in phosphate buffer containing 4%
paraformaldehyde for 2 h, cryoprotected, and cut into 6-um frozen
sections which were thaw mounted onto poly-L-lysine subbed slides.
After treatment with proteinase K and acetylation of amino groups by
acetic anhydride, sections were prehybridized in 2 X SSC buffer con-
taining 50% deionized formamide, 100 pg/ml denatured salmon sperm
DNA, 10 X Denhardt’s solution (0.2% Ficoll 400, 0.2% polyvinylpyr-
rolidone, and 0.2% BSA), 0.1% SDS, and 10 mM DTT, and hybridized
in fresh identical solution containing the **S-labeled PDGF A-chain
antisense RNA probe at 42°C overnight. After DNase-free RNase treat-
ment (25 pg/ml) for 30 min at 37°C and washings up to 0.1 X SSC at
42°C, slides were dipped in photographic emulsion (Fuji Film Inc.,
Tokyo, Japan) and exposed for 3 d at 4°C. Sections were developed,
counterstained with hematoxylin, and observed by light microscopy.
Control slides were incubated with sense riboprobe of a similar specific
activity. *>S-labeled PDGF A-chain antisense RNA and sense RNA were
synthesized by incubation of the linearized plasmid templates with [a-
3S]UTP. These riboprobes were labeled to a sp act of ~ 0.3 X 10°
dpm/pug.
Reverse-transcription polymerase chain reaction (RT-PCR) assay. The
amounts of RNA in the aortic medial layer of individual animals were
too low (~ 1.5 ug) to allow detection of PDGF A-chain mRNA by
RNase protection assay. To overcome this problem, we established a
quantitative RT-PCR assay for the detection of PDGF A-chain mRNA
in individual aortic medial layers as previously described (21).

The same primers and the same thermal cycle profile of PCR were
used as described above. To confirm the specificity of the method and
to reduce the number of PCR cycles, the PCR products were detected
by Southern blot hybridization with radiolabeled oligonucleotide probes
specific for each cDNA. Briefly, aliquots (250 ng/20 ul) of RNA were
reverse-transcribed to single-stranded cDNA and amplified by PCR.
To improve the accuracy of the amplification of mRNA (21), these
procedures were performed at the same time and under the same condi-
tions. Aliquots (5 ul) of PCR products were dot blotted onto nylon
membranes (Hybond-N Plus; Amersham Japan, Inc.), and fixed by
ultraviolet irradiation (120 mJ/cm?). The blotted membranes were pre-
hybridized in a solution containing 2 X sodium chloride sodium phos-
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Oligonucleotide sequences are designed from the promoter region of
human PDGF A-chain gene. Underlined sequences indicate consensus
sequences specific for each transcription factor. * Oligonucleotide se-
quence for Egr-1 was deleted from the original Sp1 consensus sequence
in the human PDGF A-chain gene.

phate (1 X sodium chloride sodium phosphate is 0.15 M NaCl, 10 mM
Na,HPO, and 1 mM EDTA), 5 X Denhardt’s solution, 0.5% SDS, and
20 pg/ml denatured salmon sperm DNA. Southern hybridization was
performed at 52°C for 24 h using the same buffer containing *’P-labeled
oligonucleotide probe (5'-ATGACCGTCCTGGTCTTGCA-3"). Probes
were radiolabeled to a sp act of 7 X 10° dpm/pM by the 5’ end labeling
method with [y-?P]ATP (~ 3,000 Ci/mM) and T4 polynucleotide
kinase (26). Hybridized membranes were washed twice for 30 min at
a stringency of 1 X sodium chloride sodium phosphate with 0.1% SDS
at the calculated melting temperature —10°C (26). Autoradiography
was performed for 3 h at room temperature with an intensifying screen,
and scanning densitometry was used to give quantitative data. Assays
were performed in duplicate. A no-cDNA control was always used as
a negative control and G6PD mRNA in the samples was used as an
internal control to confirm that mRNA in each sample was equally
amplified. The sequence for the oligonucleotide probe specific for ampli-
fied G6PD cDNA was 5'-ATCCTGTTGGCAAATCTCAGCAC-3'.
Gene expression was expressed as the ratio of signal intensities for
PDGF A-chain to G6PD on autoradiograms.

Oligonucleotide probes for gel retardation assays. Since a recent
report (29) indicated that both nucleotide sequence and structure of the
promoter region of PDGF A-chain gene are highly conserved in human
and mouse, we expected the promoter region of the rat PDGF A-chain
gene to also be highly conserved. Seven transcription factors were se-
lected from the DNA consensus motifs in the promoter region of the
human PDGF A-chain gene (Fig. 1) (30, 31). In the 5'-flanking region
of the gene, there are a TATA box, eight Spl sites, two early growth
response-1 (Egr-1) sites, an AP-2 site, guanosine cytidine-rich sequence
binding factor (GC factor) site, a serum response element, and a shear
stress responsive element (32-38). According to recent reports, proteins
including TFIID complexes binding to the TATA box are referred to
as TATA box binding proteins (TBP), proteins binding to the serum
response element; serum responsive factor (SRF), and proteins binding
to the shear stress responsive element; shear stress response factor
(SSRF).

The sequences of oligonucleotides used in the present study are
depicted in Table I. The Spl site in the Egr-1 consensus sequence was
deleted to exclude false binding of Sp1 to the Egr-1 probe. Each sense
oligonucleotide was radiolabeled to a sp act of 7 X 10° dpm/pM by 5’
end-labeling method as described above. Aliquots of sense and antisense
oligonucleotides were boiled for 3 min in a solution containing 10 mM
Tris-HC1 (pH 7.6), 50 mM NaCl, and 1 mM EDTA for 3 min and
slowly cooled to room temperature to allow annealing.

Gel retardation assays. Cellular extracts from aortic medial layers
were used in the gel retardation assays, because aortic medial layers
were too stiff and small to obtain enough numbers of nuclei for assays



Table II. Blood Pressure, Heart Rate, and Hypertrophy Index of Rats

Group Blood pressure Heart rate Weight of thoracic aorta Body weight Hypertrophy index*
n mmHg per min mg g x10°

SHR 6 190+2 367+8 99+3 330+4 0.30+0.01

SHR + enalapril 5 132+4* 366+8 78+4* 326+6 0.24+0.01*
SHR + doxazosin 6 151 3¢ 375+9 81+4* 324+5 0.25+0.02*
SHR + nicardipine 5 154+2* 402x10* 78+3¢ 321+6 0.24+0.01*
SHR + hydralazine 5 149+5* 410+14* 82+1* 322+5 0.26+0.01*
WKY 5 122+3* 351=*11 81+3* 338+6 0.24+0.01*
SD 5 127+2% 361+4 85+1* 341+4 0.25+0.01*

Results are expressed as the mean + SE. SHR +, SHR treated with the indicated antihypertensive drugs for 2 wk. All rats were 14 wk old.
* Hypertrophy index was calculated by the ratio of weight of total thoracic aorta to body weight in each rat. * P < 0.05 vs SHRs by ANOVA

followed by Duncan’s multiple range test.

by the conventional method (39), which routinely give ~ 15% of nu-
clear yields, as previously reported (40). Since cellular extracts from
cultured VSMCs showed the same results on gel retardation assay as
nuclear extracts from these cells, we substituted cellular extracts for
nuclear extracts as samples. Transcription factors are present in the
nucleus (18, 39) and there are wide variations in cellular protein content
in VSMCs of SHRs with increases in number of polyploid VSMCs (17,
40). Therefore, we considered that to compare amounts of nuclear
transcription factors in VSMCs of SHRy, it is better to adjust samples
by nuclear numbers rather than by protein content.

Four thoracic aorta medial layers were rinsed in cold saline and
homogenized at 4°C in 2 ml of a extraction buffer containing 20 mM
Hepes-NaOH (pH 7.6), 20% (vol/vol) glycerol, 0.35 M NaCl, 5 mM
MgCl,, 0.1 mM EDTA, 1 mM DTT, 0.5 mM PMSF, 1 ng/ml pepstatin
A, 1.2 pg/ml spermidine, and 2 pg/ml aprotinin in a Polytron with a
small cutting blade at high speed for 60 s. The homogenate was vigor-
ously shaken and rocked at 4°C for 30 min and insoluble materials
including histones were precipitated by centrifugation at 40,000 g for
30 min at 4°C. The supernatant was dialyzed against a binding buffer
containing 20 mM Hepes-NaOH (pH 7.6), 20% (vol/vol) glycerol, 0.1
M NaCl, 5 mM MgCl,, 0.1 mM EDTA, 1 mM DTT, and 0.5 mM
PMSF. The dialysate was cleared by centrifugation at 10,000 g for 15
min at 4°C and frozen at —80°C in aliquots until use.

Gel retardation assays were performed as previously described (39).
Briefly, a constant DNA amount of histone-depleted cellular extract (50
ng of DNA, equivalent to ~ 1.6 X 10* mammalian nuclei [25]) was
incubated in 20 ul of a reaction mixture containing 50 mM Hepes-KOH
(pH 7.6), 50 mM KCl, 1 mM DTT, 0.5 mM EDTA, 1% glycerol, 0.5
mM PMSF, 1 ug of nonspecific DNA (pBR322 plasmid), and 2 ug
of poly(dl-dC)- poly(dl-dC). In the assay for measurement of TBP,
poly(dG-dC)- poly (dG-dC) were used instead of poly(dl-dC)-po-
ly(dl-dC). The **P-labeled DNA probe (30 fmol, ~ 80,000 cpm) was
added last to the reaction mixture and incubated for 30 min at 20°C. 5
ul of each sample was loaded into each well of a 4% polyacrylamide
gel with 1 X Tris/acetate/EDTA (6.7 mM Tris-HCI [pH 7.8], 3.3 mM
sodium acetate, | mM EDTA) and electrophoresed at 4°C for 70 min
at 120 V. The gel was dried and the retarded bands consisting of protein-
oligonucleotide complex were analyzed by autoradiography at —80°C
for 2—24 h. Scanning densitometry was used to obtain data for compar-
ing relative amounts of transcription factors in samples. Specificity of
the assays was evaluated by coincubation with each cold competitor
oligonucleotide. All assays were performed in duplicate and results were
obtained from the average of three independent experiments.

Statistics. Statistical comparisons were performed using the Mann—
Whitney U-test, one-way ANOVA, and Duncan’s multiple range test
with statistical software programs (StatView and SuperANOVA; Aba-
cus Concepts, Inc., Berkeley, CA). Correlation coefficients were calcu-
lated by Spearman’s nonparametric rank correlation test (41) or Pear-

PDGF A-chain Gene Expression in Hypertensive Vascular Hypertrophy

son’s product-moment correlation test under the consideration of suit-
ability for each case. ‘‘rs’’ means correlation coefficiency for
Spearman’s rank test and ‘‘r’* means correlation coefficiency for Pear-
son’s test. All P values are two-tailed and significance was set at P
< 0.05. Results are reported as the mean+SE.

Results

Blood pressure, heart rate, and hypertrophy index. The systolic
blood pressure of 14-wk-old SHRs was significantly higher than
those of normotensive WKY and SD rats (both P < 0.01; Table
II). Treatment with antihypertensive drugs for 2 wk lowered
blood pressure levels in SHRs (P < 0.01, respectively). As
expected, nicardipine and hydralazine treatment increased heart
rate of SHRs, but other drug treatments did not. Increases in
body weight of rats (~ 40 g) were observed in all groups for
2 wk. The levels of hypertrophy index in control SHRs were
higher than those in age-matched WKY and SD rats (both P
< 0.05) and in SHRs treated with antihypertensive drugs
(P < 0.05).

In situ hybridization histochemistry of PDGF A-chain
mRNA in aortic medial layers. Microscopic examination of he-
matoxylin eosin-stained cross-sections of thoracic aortas at 14
wk of age showed medial thickening of aortas in SHRs and that
VSMCs of the medial layers were hypertrophied as reported
previously (1).

In situ hybridization histochemistry showed positive silver
grain deposition indicating PDGF A-chain mRNA in the aortic
medial layers (Fig. 2), and a small number of grains were also
observed in the adventitial cells. In contrast, a minimal amount
of silver grains, consistent with nonspecific background stain-
ing, was observed in tissue incubated with the labeled sense
probe, indicating that the positive signals were specific for
PDGF A-chain mRNA. Amounts of silver grains per nucleus
in aortic medial layer of SHRs were greater than in those of
WKY rats (P < 0.05 by Mann—Whitney U-test), indicating
that the increased level of PDGF A-chain mRNA detected in
the RNase protection assay was located in VSMCs.

Evaluation of RNase protection assays. RNase protection
assay for PDGF A-chain mRNA in VSMCs of aortic medial
layers showed a single protected fragment (Fig. 3), indicating
that the specificity of the assay was sufficient to detect mRNA
in the tissue. RNase protection assay for G6PD mRNA also
showed a single protected band in total RNA from VSMCs.
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Figure 3. RNase protection analysis for PDGF A-chain mRNA in aortic
smooth muscle cells. RNA samples were purified from medial layers
of five thoracic aortas. Aliquots (3 ug) of RNA from aortic medial
layers of WKY, SHR, SHR treated with antihypertensive drugs for 2
wk (SHR + indicated drugs) and SD rats were hybridized and protected
with radiolabeled antisense riboprobes for PDGF A-chain mRNA or
G6PD mRNA, yielding the 304- or 293-bp protected fragments, respec-
tively. Lanes probe correspond to undigested riboprobes. The represen-
tative autoradiogram in three experiments was shown.

To examine the linearity between amount of RNA loaded and
densitometric intensity of RNase-protected bands, the dose-de-
pendency of PDGF A-chain mRNA in the assay was investi-
gated. As shown in Fig. 4, there was a good correlation between
the amount of RNA and intensity of protected band (r = 0.99,
P < 0.05), indicating that the assay was sufficiently sensitive
and suitable for use in measurement of specific mRNA levels
in small amounts of RNA. The intraassay variation of the assay
was 12% (n = 5).

PDGF A-chain gene expression in vascular smooth muscle
cells and effects of antihypertensive treatments. The results of
the RNase protection assay indicated that PDGF A-chain
mRNA levels in VSMCs of SHRs (231+21%, n = 3) were
approximately twofold higher than in those of WKY rats
(100+12%, n = 3) and SD rats (103*+11%, n = 3) (P < 0.05,
SHRs vs WKY rats by Duncan’s test; P < 0.05, SHRs vs SD
rats) (Fig. 3). On the other hand, there was little difference in
amount of G6PD mRNA between VSMCs from SHR, WKY,
and SD rats.

After treatment with antihypertensive drugs for 2 wk, PDGF
A-chain mRNA levels in VSMCs of SHRs were decreased with
both decreases in blood pressure and regression of vascular

800 Figure 4. Relationship
between amount of total
RNA and intensity of
RNase-protected bands
in RNase protection
assay for PDGF A-chain
mRNA. Indicated
amounts of total RNA
from aortic medial layers
of SHRs were hybridized
and protected with anti-
sense PDGF A-chain ri-
boprobe, yielding the
same 304-bp protected
fragment. A good corre-
lation was observed between amount of total RNA from vascular smooth
muscle cells and densitometric intensity of RNase-protected bands (r
= 0.99, P < 0.05).
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hypertrophy in SHRs, while G6PD mRNA in these cells was
almost unchanged. Decreases in PDGF A-chain mRNA levels
in VSMCs of SHRs were commonly observed with treatments
with all pharmacologically different species of antihypertensive
drugs, indicating that these changes were not due to genomic
background of the strains, but were a result of changes in blood
pressure level in SHRs.

Evaluation of RT-PCR assays. Southern blot analysis of
RT-PCR products for PDGF A-chain mRNA showed a single
band of 304 bp (data not shown), which agrees with the ex-
pected size from the corresponding cDNA. To examine the
linearity of amplification in the RT-PCR assay, the relationship
between amount of RNA, number of PCR cycles, and amount of
RT-PCR products was studied. Three step-diluted RNA samples
from VSMCs containing 125, 250, and 500 ng of RNA were
reverse transcribed and amplified for 20, 25, 30, and 35 cycles,
and the amounts of PCR products were analyzed by dot blot
analysis. To avoid the saturated exposure of x-ray film, we
performed multiple short exposures. In a 3-h exposed autoradio-
gram, the results of RT-PCR from 0 to 500 ng of RNA for 20—
35 cycles showed good linearity between amount of RNA and
intensity of autoradiograms (Fig. 5). From these results, we
selected 25 cycles of PCR for the quantification of PDGF A-
chain mRNA in the tissue. By the same approach as described
above, 23 cycles of PCR for G6PD mRNA was used in the
present study. The intraassay variation of the assay was 11%
(n =5).

Correlation of PDGF A-chain mRNA in vascular smooth
muscle cells with levels of both blood pressure and aortic hyper-
trophy index. To examine the relationship between blood pres-
sure and PDGF A-chain mRNA levels in VSMCs of SHRs, we
investigated the effects of treatment with two different doses
of enalapril (10 and 25 mg/kg per d) on gene expression in
VSMCs using the RT-PCR assay. Because PDGF A-chain

Figure 2. In situ hybridization histochemistry of rat aortic medial layer. Sections were counterstained with hematoxylin. Rats were 14 wk old (n

= three sets of animals). (A) aorta from WKY rat hybridized with a *S-labeled PDGF A-chain antisense riboprobe. (B) aorta from SHR hybridized
with the same probe. (C) aorta from WKY rat hybridized with **S-labeled PDGF A-chain sense riboprobe. (D) aorta from SHR hybridized with

the same probe. Localization was determined by silver grain deposition after autoradiography for 3 d. Antisense PDGF A-chain riboprobe signals
were localized in vascular smooth muscle cells of aortic medial layers (A, B), whereas no signals were observed with the **S-labeled sense riboprobe
(C, D). There were more silver grains per nucleus in the medial layer of SHR aortas than in those of WKY rats.

PDGF A-chain Gene Expression in Hypertensive Vascular Hypertrophy
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Figure 5. Linearity between number of PCR cycles and amount of RNA
samples in RT-PCR assay for PDGF A-chain mRNA. 125, 250, and
500 ng of total RNA from the aortic medial layer were reverse-tran-
scribed and PDGF A-chain mRNA was amplified by PCR with the
indicated numbers of cycles. Each sample was analyzed by dot blot
hybridization and data was plotted as the mean+SE of densitometric
counts of the autoradiograms (n = 3, respectively).

mRNA and blood pressure levels were not distributed as the
standard normal distribution, Spearman’s rank correlation test
was used for analysis. There was a good correlation between
blood pressure and PDGF A-chain mRNA levels in VSMCs of
SHRs (rs = 0.81, P < 0.001; Fig. 6 A), indicating that PDGF
A-chain gene expression in VSMCs of SHRs is associated with
blood pressure level. This result supports those of the RNase
protection assay. There was a good correlation between levels
of PDGF A-chain mRNA in VSMCs and hypertrophy index in
SHRs (rs = 0.74, P < 0.005; Fig. 6 B), indicating that PDGF
A-chain mRNA levels were associated with the extents of hy-
pertensive vascular hypertrophy of VSMCs in these animals.
Treatment with other antihypertensive drugs also showed a good
correlation between levels of PDGF A-chain mRNA and blood
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pressure in SHRs (doxazosin, rs = 0.67; nicardipine, rs = 0.65;
hydralazine, rs = 0.72 [P < 0.01; n = 12, respectively]).

Evaluation of gel retardation analysis. To examine the rela-
tionship between amount of Sp1 and intensity on autoradiogram,
we prepared five step-diluted samples by serial dilutions of
cellular extracts of VSMCs of SHRs with extraction buffer
and applied these to the assay. The retarded bands which were
diminished after coincubation with 25-fold excess cold competi-
tors were considered to be specific protein—oligonucleotide
complex signals. As shown in Fig. 7, there was a good linear
relationship between the amount of extracts and densitometric
intensity of retarded bands (r = 0.95, P < 0.05). Evaluating
experiments with other transcription factors showed the similar
results. We routinely applied each sample containing 50 ng of
DNA, equivalent to ~ 1.6 X 10* nuclei (26), to all assays.
Two cycles of freezing and thawing or keeping overnight at
4°C did not affect the results. The intraassay variation of the
assay was 15% (n = 5).

Levels of transcription factors in vascular smooth muscle

Figure 6. Correlation between PDGF
A-chain gene expression in vascular
smooth muscle cells of SHRs with

levels of both blood pressure (A) and
hypertrophy index (B).* To lower the
blood pressure of SHR, two doses (10
mg/kg per d, low dose; or 25 mg/kg
per d, high dose) of enalapril were

rs = 0.74 P<0.005

administered for 2 wk. PDGF A-chain
gene expression in aortic medial layer
of each SHR was measured by RT-
PCR assay (n = 6 for each). The units
indicate the ratio of signal intensities
for PDGF A-chain to glucose-6-phos-
phate dehydrogenase on autoradio-
grams. Control (@) denotes untreated
SHRs; low enalapril (l), SHRs
treated with low dose of enalapril;
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cells. As shown in Fig. 8, all transcription factors except SSRF
were identified by the assays, although their signal intensities
differed greatly. From the exposure times required to obtain
each retarded signal, Sp1, AP-2, and Egr-1 were more abundant
in VSMCs than TBP, SRF, or GC factor. The levels of SSRF
were very low in VSMCs and difficult to study (data not
shown). Results on AP-2 showed the presence of two bands as
previously reported, and it has been suggested that the proteins
binding to each consensus sequence may be polymerized, com-
plexed, or belonging to a transcription factor family (18, 35).
Levels of both Sp1 and AP-2 in VSMCs of SHRs were increased
to 201 and 183% of the respective levels in WKY rats. There
were almost no differences in the levels of other transcription
factors, especially in early growth response gene products Egr-
1 and SRF (37), between the two rat strains.

Effects of antihypertensive treatments on transcription fac-
tors in vascular smooth muscle cells. To determine whether the
observed changes in transcription factor levels in VSMCs of
SHRs are caused by high blood pressure or genetic background
of the strains, we investigated the effects of antihypertensive
treatments in vivo. The results showed that after treatment with
four pharmacologically different species of antihypertensive
drugs for 2 wk, Spl levels in VSMCs of SHRs decreased ap-
proximately to the same level as in that of WKY rats, with a
concomitant decrease in PDGF A-chain mRNA levels (n = 3,
P < 0.05; Fig. 9). The decreases in Spl and PDGF A-chain
mRNA in VSMCs were also observed after enalapril treatment
for 4 wk (data not shown), indicating that these changes were
not merely transient cellular responses and that blood pressure

PDGF A-chain Gene Expression in Hypertensive Vascular Hypertrophy
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Figure 8. Comparative binding activities to DNA consensus motifs for
transcription factors in extracts from VSMCs. Constant amounts of his-
tone-depleted extracts from aortic medial layers (n = 3) of WKY rats
and SHR were incubated with *?P-labeled oligonucleotide probes (30
fmol). Specificity of the assay was examined by coincubation with (+)
or without (—) 25-fold excess competitor. Protein—oligonucleotide com-
plexes were analyzed by gel electrophoresis. Photographs show gel retar-
dation of probes complexed with Spl (A), AP-2 (B), Egr-1 (C), TBP
(D), SRF (E), and GC factor (F) in aortic smooth muscle cells. Arrows
indicate specific complexes of oligonucleotide/transcription factors. Mi-
gration of the unbound probe is shown as *‘free probe.”” The representative
autoradiograms in three independent experiments were shown.

levels modulated Spl levels in VSMCs of SHRs. In contrast,
the amount of AP-2 in VSMCs of SHRs was almost unchanged
after antihypertensive treatments (Fig. 10), indicating that in-
creases in AP-2 levels in VSMCs of SHRs are not associated
with blood pressure levels but may be caused by the differences
in genetic background of the rat strains.

In addition, SRF levels in VSMCs of SHRs were decreased
after enalapril treatment for 2 wk (n = 3, P < 0.05; Fig. 10),
and also after enalapril treatment for 4 wk (data not shown),
indicating that the change of SRF level caused by enalapril
treatment was not a transient cellular response. Other antihyper-
tensive treatments did not significantly alter SRF levels in
VSMCs of SHRs, indicating that enalapril has an additional
effect by decreasing SRF level in vivo and may play a role in
the transcriptional regulation of PDGF A-chain gene in these
cells.

Discussion

The present study demonstrated that PDGF A-chain mRNA
levels are increased in hypertrophic VSMCs of SHRs in vivo,
and that PDGF A-chain gene expression in these cells is associ-
ated with levels of both blood pressure and vascular hypertrophy
in SHRs. Gel retardation analysis showed that an increase in
Spl in VSMCs of SHRs was associated with an increase in
PDGF A-chain mRNA induced by high blood pressure in these
cells.

We showed that VSMCs from aortic medial layers of adult
rats evidently contained PDGF A-chain mRNA by three differ-
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Figure 9. Gel retardation assay for transcription factors in VSMCs from
SHRs after antihypertensive treatments. SHRs were treated with the
indicated antihypertensive drugs for 2 wk to normalize blood pressure.
Untreated SHRs were used as controls. Each sample was extracted from
medial layers from three or four thoracic aortas. Constant amounts of
extracts were incubated with *?P-labeled oligonucleotide probes and
protein—-DNA complexes were analyzed by gel retardation assays. Pho-
tographs show gel retardation of probes complexed with Spl (A), AP-
2 (B), Egr-1 (C), SRF (D), TBP (E), and GC-rich factor (GC factor)
(F) in VSMC:s of aortic medial layers. Arrows indicate the oligonucleo-
tide/transcription factor complexes. The representative autoradiograms
in three independent experiments were shown.

ent methods; RNase protection assay, in situ hybridization, and
RT-PCR assay. This observation supports the results of previous
studies by Barrett et al. and Majesky et al. (3, 14, 15). However,
these findings differ significantly from the results of Sarzani et
al. (42, 43) who reported that PDGF A-chain mRNA levels in
rat aortas were too low to study between strains. Although the
reason for this difference is unclear, it is possible that (a) the
sensitivities of the assays in the former studies including ours
were higher than that of Sarzani et al., and () the samples
used by Sarzani et al. may have been contaminated with adventi-
tial tissue because their samples contained PDGF B-chain
mRNA, which is never expressed in VSMCs, but is strongly
expressed in aortic adventitial tissue (14).

We demonstrated that PDGF A-chain mRNA level was ap-
proximately twofold higher in hypertrophic VSMCs of SHRs
than in those from normotensive WKY rats. A previous in vitro
study (44) showed that a genetic background of SHRs may
affect autocrine production of growth factors in cultured
VSMC s, when these cells are stimulated. Therefore, to deter-
mine whether the increase in PDGF A-chain gene expression
in vivo in VSMCs of SHRs is caused by the genetic background
of animals or by high blood pressure, we examined the effect
of treatment with four pharmacologically different species of
antihypertensive drugs for 2 wk. After normalization of blood
pressure of SHRs by treatment with each antihypertensive drug,
PDGF A-chain mRNA levels in VSMCs of SHRs were de-
creased to almost the same levels as in WKY rats. RT-PCR
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Figure 10. Effects of antihypertensive treatments on transcription factor
levels in VSMCs of SHRs. Densitometric analysis was performed on
the retarded bands in the gel retardation assays. Each sample was ex-
tracted from medial layers from three or four thoracic aortae. Results
are the mean=SE of three independent experiments and are expressed
as relative levels of each transcription factor in comparison with those
in untreated SHRs (control). (A) indicates the results on Spl; (B), AP-
2; (C), Egr-1; panel (D), SRF; (E), TBP; and (F), GC factor. In cases
on AP-2, the data from the upper bands are expressed as a solid column
and the data from the lower bands as an open column. *P < 0.05 vs
control by ANOVA followed by Duncan’s multiple range test.

assay showed that blood pressure levels in SHRs were corre-
lated well with PDGF A-chain mRNA levels in the VSMCs.
These results suggest that blood pressure regulates PDGF A-
chain gene expression in VSMCs of SHRs, and that genetic
background of the strains is not a primary cause of the observed
increases in PDGF A-chain mRNA levels in these cells.

Recent study (45) showed that a low concentration (4.2
pM) of PDGF-AA had mitogenic activity for cultured VSMCs.
Itoh et al. (7) and Fukuda et al. (8) reported that transfection
of antisense oligonucleotide corresponding to PDGF A-chain
mRNA inhibited DNA synthesis in cultured VSMCs. These
findings indicate that autocrine PDGF-AA has mitogenic activ-
ity for these cells. From these observations, continuous gene
expression of PDGF A-chain at twofold elevation in aortic me-
dial layers may enhance the hypertensive vascular hypertrophy
of VSMCs in vivo with a moderate increase in PDGF-AA.

A recent report (12) showed that biological activity of
PDGF-AA is dependent on the relative number of PDGF aa
receptor on the effector cells. Although in vivo VSMC:s in nor-
mal adult arteries express PDGF A-chain mRNA and PDGF a-
receptors to some extent (12, 14, 15), in vivo regulation of the
autocrine loop between PDGF-AA and PDGF aa receptor in
VSMCs has not been determined (46). Battegay et al. (45)
showed that a low concentration of PDGF-AA did not downreg-
ulate either PDGF a-receptor gene expression or receptor num-
bers in cultured VSMCs under conditions of stimulated growth.
Therefore, it is likely that a moderate increase of PDGF-AA
induced by continuous gene expression of PDGF A-chain at
twofold elevation in VSMCs of SHRs has mitogenic activity
for these cells in vivo, although further study is necessary.

Additionally, it was reported that PDGF-AA may have im-
portant nonmitogenic maintenance functions such as chemoat-



tachment, chemotaxis, glucose metabolism, and vascular ten-
sion control in normal arterial tissue (47—-49). The increased
PDGF-AA in VSMCs of SHRs may modulate these mainte-
nance functions in vivo, although further study is necessary to
confirm or refute this hypothesis.

We were interested in the mechanisms by which high blood
pressure induces the observed increase in PDGF A-chain gene
expression in VSMCs. Since transcription factors play a key
role in the control of mRNA synthesis in both proliferating and
differentiated cells (18, 19), we examined levels of transcrip-
tion factors related to PDGF A-chain gene in VSMCs of SHRs
in vivo. We found that Sp1l and AP-2 were approximately two-
fold more abundant in hypertrophic VSMCs of SHRs than in
those of normotensive WKY rats. As the protein/DNA ratio of
in vivo VSMCs from SHRs is only 18% higher than that of
WKY rats (40) and levels of some transcription factors such
as Egr-1 in VSMCs were equivalent in the two strains in the
present study, it is unlikely that these approximately twofold
increases in Spl and AP-2 in VSMCs of SHRs were caused
simply by nonspecific increases in protein synthesis. Further-
more, we found that after lowering of blood pressure by antihy-
pertensive treatment, Spl level in VSMCs of SHRs was also
decreased, although AP-2 level was not. These results suggest
that the observed increase in Spl level in VSMCs of SHRs
is associated with high blood pressure, but not with genetic
background of the rat strains. In contrast, increases in AP-2 in
these cells may be caused the genetic background of the rat
strains, although we do not know the mechanisms for this effect
at present.

After lowering blood pressure by antihypertensive treat-
ments, Spl level in VSMCs of SHRs was decreased with a
concomitant decrease in PDGF A-chain mRNA level. Lin et al.
(50) found that the triple contiguous Sp1 binding sites between
—150 and —33 in the promoter region of PDGF A-chain gene
have > 80% of this gene’s promoter activity in cultured cells.
Courey et al. (51) showed by cotransfection analysis that pro-
moter activity of Spl binding sites in the promoter region in-
creased proportionally as Spl concentration was increased.
They also showed that Spl can act not only as a proximal
promoter factor but also as an enhancer binding factor (18)
by Sp1-Spl interactions. From these observations, the present
results suggest that Spl may mediate the transcriptional activa-
tion of PDGF A-chain gene induced by high blood pressure in
VSMCs. Additionally, because (a) Spl activates many other
genes which may alter PDGF A-chain gene expression and (b)
unknown transcription factors which activate the transcription
of PDGF A-chain gene may be present in VSMCs, further inves-
tigation is needed to determine these possibilities.

Enalapril treatment for 2 and 4 wk decreased SRF (p675*F)
levels in VSMCs of SHRs. SRF is induced by stimulation of
serum or protein kinase C activation (35, 37), and it regulates
transcription of genes such as c-fos and PDGF A-chain by
forming ternary complexes as SRE/p675%/p62TF (52). An-
giotensin-converting enzyme inhibitors reduce levels of A II
within aortic tissue (53), and A II can stimulate protein kinase
C activity in VSMCs (54). These findings suggest that a de-
crease in levels of A II in aortic medial layers after enalapril
treatment may induce a decrease in SRF levels in VSMCs
through downregulation of protein kinase C activity. Further
study using angiotensin receptor antagonists will allow determi-
nation of the association of A II with regulation of SRF in
VSMCs.

PDGF A-chain Gene Expression in Hypertensive Vascular Hypertrophy

In conclusion, levels of PDGF A-chain mRNA and the re-
lated transcription factor Spl are increased in hypertrophic
VSMCs of SHRs compared with those of normotensive rats in
vivo. Antihypertensive treatments decrease the levels of PDGF
A-chain mRNA and Spl in VSMCs of SHRs with concomitant
reduction of aortic vascular hypertrophy. These results suggest
that an autocrine mechanism inducing PDGF A-chain gene ex-
pression by high blood pressure in VSMCs of SHRs may play
a role in enhancement of hypertensive vascular hypertrophy,
and that an increase in availability of Spl in VSMCs induced
by high blood pressure may mediate the elevation of PDGF A-
chain gene expression in these cells.
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