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Differential Gene Expression and Regulation of Angiotensin Il Receptor
Subtypes in Rat Cardiac Fibroblasts and Cardiomyocytes in Culture

Hiroaki Matsubara, Mikihiko Kanasaki, Satoshi Murasawa, Yasuyuki Tsukaguchi, Yutaka Nio, and Mitsuo Inada
Second Department of Internal Medicine, Kansai Medical University, Fumizonocho 1, Moriguchi, Osaka 570, Japan

Abstract

Although both rat cardiac nonmyocytes (mostly fibroblasts)
and cardiomyocytes have a functional angiotensin II (AnglI)
receptor, the regulation mechanism of its subtype expression in
the rat heart remains unknown. In this study, by using a binding
assay and a competitive reverse-transcriptase polymerase
chain reaction, we examined the regulation of AnglI types 1a
and 1b (AT1a-R and AT1b-R) and type 2 receptor (AT2-R)
expression in embryonal day 19 (E19) and neonatal (1-d) rat
cardiac fibroblasts and cardiomyocytes. The number of AT2-R
in E19 fibroblasts was dramatically decreased (from 305 to 41
fmol /mg protein) in 1-d fibroblasts, whereas that of AT1-R
and the mRNA levels remained unchanged. The ratio of AT1a-
R to AT1b-R mRNA in both E19 and 1-d fibroblasts was 9:1.
The number of AT2-R in E19 cardiomyocytes was also signifi-
cantly decreased (from 178 to 87 fmol /mg protein) in 1-d car-
diomyocytes, whereas the magnitude was less prominent com-
pared with that in fibroblasts. AT1-R expression remained un-
altered in E19 and 1-d cardiomyocytes. In E19 and 1-d
cardiomyocytes, the AT1b-R mRNA level was 1.5-fold higher
than that of AT1a-R mRNA. Dexamethasone induced signifi-
cant increases in AT1a-R mRNA (2.1-fold) and numbers (1.8-
fold) without changing the affinity, whereas neither AT1b-R
mRNA nor the number of AT2-R was affected by dexametha-
sone. The AT1a-R gene transcription rate, determined by
means of a nuclear run-off assay, was increased (2-fold) by
dexamethasone. The half-life of AT1a-R mRNA (18 h) was
unchanged by dexamethasone. These data indicate that Angll
receptor subtype expression in the rat heart is regulated in a
cell- and subtype-specific manner. (J. Clin. Invest. 1994.
93:1592-1601.) Key words: angiotensin II receptor ¢ cardiac
fibroblast « cardiomyocyte » gene expression * polymerase chain
reaction

Introduction

Angiotensin II (AngII)! has multiple physiological effects di-
rectly and indirectly on the cardiovascular system that are initi-
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ated by binding to specific receptors located on the plasma
membrane (1). Recently, two benzylimidazole derivatives
have been used to distinguish Angll receptor subtypes in sev-
eral tissues. Dup 753 and TCV-116 inhibits the AngII type 1
receptor (AT1-R), which is the predominant subtype in the
adrenal cortex, vasculature, kidney, and liver, whereas
PD123319 and CGP42112A inhibit the AngllI type 2 receptor
(AT2-R), present in the adrenal medulla, uterus, a subset of
brain nuclei, and ovary of the adult animal (for review see
reference 2). Both AT1-R and AT2-R subtypes are equally
distributed over the myocardium (3, 4). The cloning of rat
(5-7), bovine (8), human (9-11), and mouse (12) ATI-R
cDNA has made it possible to study the AT 1-R gene expression
mechanism in the heart at the molecular level. The AT1-R
cDNA cloned from bovine adrenal cells (8) and rat vascular
smooth muscle cells (5) was termed AT 1a-R. The second form
of AT1-R (AT1b-R), which exhibited highly homologous se-
quences and similar binding and functional characteristics, was
cloned from the rat pituitary (12) and adrenal glands (7).
These subtypes are widely expressed in various rat tissues and
the differential tissue-specific regulation of the mRNAs was
reported (7, 13).

Angll directly stimulates heart rate, cardiac contractility,
and growth (14). Subnanomolar concentrations of AnglI facili-
tates adrenergic neurotransmission in the heart (15), indirectly
leading to an increase in the heart rate, contractility, and a
decrease in coronary flow (15, 16). The majority of the cardio-
vascular and hormone modulating actions of AnglI in the adult
animal are mediated through the AT1-R (2). Grady etal. (17)
have reported that the AT2-R is highly expressed in the mesen-
chymal tissue of the developing rat fetus and rapidly disappears
after birth. Similarly, it has been shown that during embryonic
and immediate postnatal development rat aortic smooth mus-
cle cells express AT2-R almost exclusively (18). These findings
indicate an AT2-R mediating effect of Angll in tissue growth
and development during the embryonic period. In the rat
heart, we (3) and others (4) have demonstrated that Angll
receptor expression is increased during the neonatal period and
decreases with maturation, that the expression of AT1-R and
AT2-R is nearly equal in the rat myocardium, and that the
proportion is unchanged through development. However, a
number of cell types are present in the heart, in which cardio-
myocytes and cardiac fibroblasts are the predominant cell
types in the neonatal rat heart (19). Cultured cardiomyocytes
as well as cardiac fibroblasts prepared from the neonatal rat
heart are immunoreactive to Angll, Angl, and angiotensin-
converting enzyme (ACE) (20). Although previous studies
have reported the presence of high-affinity AnglI binding sites
in cardiac tissues (3, 21), which cardiac cell types are responsi-
ble for the binding sites has not been determined. Schorb et al.
(22) have shown that neonatal rat cardiac fibroblasts express a
substantial amount of AT 1-R rather than AT2-R. In addition,
recent studies have also reported that isolated adult rat cardio-
myocytes exclusively exhibit the AT1-R subtype (23) and that



ATI-R mediates Angll-induced hypertrophy of cardiomyo-
cytes (24). Thus, the subtype expression profiles in isolated
heart cells appears distinct from those in cardiac tissue. We
therefore examined the cell-type specific developmental regula-
tionin AT1-R (AT1aand AT1b) and AT2-R expression using
cultured rat cardiomyocytes and cardiac fibroblasts. The result
demonstrated that AT1-R and AT2-R expression is differen-
tially regulated during perinatal development in a cell type—
specific manner.

It has been reported that Angll receptor levels in the ante-
rior pituitary gland are strongly inhibited by estrogens (25).
Kakar et al. (13) have demonstrated that AT1b-R mRNA lev-
els, but not those of AT1a-R, are suppressed by estrogen in the
pituitary gland. Kambayashi et al. (25) have shown that the
expression of AT2-R is downregulated in cultured smooth
muscle cells by growth factors, in contrast to that of AT1-R,
which was slightly upregulated. These findings suggest that An-
glI receptor mRNA regulation is not in the static state. Gluco-
corticoids are involved in the regulation of blood pressure
(27), in which enhancement of vascular responsiveness has
been considered one of the major contributing factors (28).
We examined the effect of dexamethasone on the ATI-R
mRNAs (AT1a-R and AT1b-R) and AT2-R regulation. The
results demonstrated that the AT1a-R gene responds to dexa-
methasone at the transcriptional level, whereas AT1b-R and
AT2-R were not affected by dexamethasone.

Methods

Cell cultures. Enriched cultures of cardiomyocytes and cardiac
nonmyocytes were prepared from hearts of embryonal day 19 (E19)
and neonatal (day | or 7) Wistar rats. All steps were basically per-
formed according to the method published by Dostal et al. (20). The
rats were decapitated, and the hearts were removed and placed in
HBSS. For each dispersion, hearts from ~ 250 rats were minced and
digested with 5% pancreatin (vol/vol) and 0.32 mg/ml collagenase II
in HBSS with 12.5 mM Hepes. The supernatant from the first step of
the digestion procedure (10 min) containing cell debris and red blood
cells was discarded. Cells from the eight subsequent digestions (20 min
each) were collected in 50-ml sterile polypropylene tubes containing 20
ml of Dulbecco’s modified essential medium (DMEM ) with 20% FCS
and sedimented by centrifugation at 200 g for 4 min. The cell pellets,
which consisted primarily of cardiomyocytes and cardiac nonmyo-
cytes, were resuspended in 60 ml of DMEM with 20% FCS. The cell
suspensions were combined and incubated for 90 min at 37°C in 25-
cm? flasks, which allowed for selective attachment of nonmyocytes.
Since most of nonmyocyte-enriched cultures consist of fibroblasts ( 19,
20, 22, 24), the cultures are hereafter referred to as fibroblast cultures.
Cardiomyocyte-enriched suspensions were removed from the culture
dishes and replaced with DMEM containing 10% FCS. The culture
dishes containing attached fibroblasts were placed into an incubator
and passaged 48 h later with 0.25% trypsin. The fibroblasts were plated
in DMEM containing 10% FCS at a density of 3-5 X 103 cells/cm? on
100-mm dish and 35-mm dish or in six-well plastic cell culture dishes
containing 22-mm round glass coverslips. After 8 d, the medium was
changed to serum-free DMEM and all experiments were performed 1 d
later. To examine its effects, dexamethasone (1 uM) was added to
DMEM containing 5% FCS for the indicated period.

Cardiomyocytes obtained from the above differential plating proce-
dure were counted and plated in DMEM containing 10% FCS and 100
uM of the DNA synthesis inhibitor, bromodeoxyuridine. The cardio-
myocytes were seeded at densities of 5 X 10° cells/100-mm dish, 2
X 10° cells/35-mm dish, and 1 X 10° cells/well into six-well plastic cell
culture dishes containing 22-mm coverslips. 2 d after plating, the cul-
ture medium was replaced with serum-free DMEM containing bromo-

deoxyuridine (100 M) and the experiments were performed 1 d later.
All media were supplemented with penicillin and streptomycin, and
the cells were maintained at 37°C and 5% CO,-95% air. The incubation
medium was exchanged every 3 d.

Angll-binding assay for cardiac fibroblasts and cardiomyocytes.
The Angll-binding assay for cardiac fibroblasts and cardiomyocytes
was based upon the method reported by Schorb et al. (22) and Rogers
et al. (29), respectively. Cells on 35-mm dishes were washed three
times with 1 ml of incubation buffer, which contained (mM) Tris 50
(pH 7.5), NaCl 120, KCl1 4, CaCl, 1, MgCl, 1, and glucose 11, with 0.01
mg/ml bacitracin and 0.25% crystalline BSA. Incubation buffer con-
taining 0.05 nM '>I-Angll (New England Nuclear, Boston, MA) for
cardiac fibroblasts or 0.05 nM '?’I-Sar' Ile®-Angll (New England Nu-
clear) for cardiomyocytes, and increasing concentrations of unlabeled
ligands was added to each dish. Incubation proceeded at 23°C for 60
min and was terminated by aspirating the binding buffer and washing
the cells three times with ice-cold binding buffer. Bound radioactivity
was removed by adding 1.0 ml of 0.25 M NaOH-0.5% SDS for 10 min
and washing with an additional 0.5 ml NaOH-SDS. Radioactivity was
measured using a gamma counter (LKB Produkter, Bromma, Swe-
den). Counts were corrected for background radioactivity, and the spe-
cific binding was determined by subtracting the radioactivity bound in
the presence of 1 uM of unlabeled Angll. In a typical binding experi-
ments, when cardiac fibroblasts (260 ug of protein per well) or cardio-
myocytes (220 ug of protein per well) were incubated with 0.05 nM
125]_ligands, the total binding was 7,246 and 4,948 cpm, and the nonspe-
cific binding was 828 and 615 cpm, respectively. Receptor density
(Bmax value) and K values were calculated from Scatchard plots (3).
When the binding was normalized to the protein concentration, an
aliquot of the SDS extracts was removed and analyzed by the Bio-Rad
Laboratories (Richmond, CA) assay using BSA as a standard (3).

Quantitative reverse transcription (RT) and PCR assay. First-
strand cDNA was synthesized from total RNA, as reported for AT1a-R
mRNA in rat ventricles (3). Total RNA was isolated by means of
guanidium isothiocyanate-cesium chloride centrifugation followed by
digestion with DNase (Takara Shuzo, Kyoto, Japan) to remove con-
taminating genomic DNA. The following PCR oligonucleotide
primers (0.5 uM) were designed from the cDNA sequences common to
ATla-R(5)and AT1b-R (7): sense from the 5’ coding region (5'-GGA-
AACAGCTTGGTGGTG-3') and antisense from the coding region
(5'-GCACAATCGCCATAATTATCC-3'). These primers corre-
sponded to the regions where no sequence divergence was noted be-
tween ATla-R and ATI1b-R. To obtain deletion mutated cRNA
(AATI-R), the 607-bp PCR product was treated with T4 polynucleo-
tide kinase (Takara Shuzo) and blunt-ended with Klenow DNA poly-
merase ( Takara Shuzo) for subcloning into the EcoRYV site of pBlue-
script I KS(—) (Stratagene Inc., La Jolla, CA). The plasmid was cut by
Mscl and self-ligated to contain an insert lacking MscI-Mscl (288 bp).
The deletion-mutated cRNAs were synthesized using T, RNA polymer-
ase (Takara Shuzo) after being linearized with Hind III. Total RNA
(500 ng) and the deletion-mutated cRNA (1 pg) were simultaneously
mixed and assayed by competitive RT-PCR. Denaturing, annealing,
and extension reactions were performed 25 times at 94°C for'45 s,
60°C for 30 s, and 72°C for 1 min, respectively. Native AT1a-R and
AT1b-R mRNA should give a 607-bp DNA fragment and the deletion
mutated cRNA should give that of 419 bp. Contamination by genomic
DNA in sample RNAs was circumvented by amplifying the sample
RNAs directly to PCR without RT, in which no significant product was
visible after 40 cycles. The specificity of the gene amplification was
confirmed by the specific restriction digestion pattern with Hae III as
reported by Iwai and Inagami (7). As an internal RNA control, 5'-end
labeled rat a-tubulin probe was used for Northern blotting as previ-
ously reported (3). The autoradiographic signals were measured by a
scanning densitometer. To quantify the ATI-R mRNA, a trace
amount (5 uCi) of [3P]dCTP was included in the PCR reaction mix-
ture. The bands of interest were excised from the agarose and P incor-
poration was measured in a scintillation counter. To control for the
efficiency of RT-PCR amplification against tube-to-tube variation and
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the variability in the amount of input RNA, the 32P count in AT1-R
signal was normalized to both the 2P counts in the deletion-mutated
cRNA signal and the a-tubulin counts measured by the scanning densi-
tometer. The normalized value in an appropriate control was expressed
as | arbitrary unit for quantitative comparison.

ATla-R or AT1b-R mRNA was amplified with the oligonucleotide
primers specific for the respective 3’-noncoding sequences as reported
by Kitami et al. (30): sense and antisense for AT1a-R, 5'-GCACAC-
TGGCAATGTAATGC-3' and 5-GTTGAACAGAACAAGTGACC-
3’, respectively; and sense and antisense for AT1b-R, 5-GCCTGC-
AAGTGAAGTGATTT-3' and 5-TTTAACAGTGGCTTTGCTCC-
3', respectively. Denaturing, annealing, and extension reactions were
performed 30 times at 94°C for 30 s, 58°C for 45 s, and 72°C for 1 min.
The RT-PCR products were 385 bp for AT1a-R and 204 bp for AT1b-
R. The specificity of gene amplification was confirmed by reading the
DNA sequence by direct sequencing using assymetrical PCR (31). To
determine the ratio of the AT1a-R and AT1b-R mRNA levels, a trace
amount (5 uCi) of [*2P]dCTP was included in the PCR, then the resul-
tant amplified fragments were excised from the gel and the incorpo-
rated 2P counts were measured in a scintillation counter.

Nuclear run-off transcription assay. Nuclei were prepared from
dexamethasone-treated or control cardiac fibroblasts and a run-off as-
say was performed as described elsewhere (32). Nuclei (3-5 X 107)
were incubated for 20 min at 30°C in the presence of 50 mM Tris, pH
7.9, 100 mM KCl, 12.5% glycerol, 6 mM MgCl,, 0.2 mM EDTA, 0.5
mM DTT, 4 mM of ATP, GTP, and CTP, 1 U/ul RNAsin, and 200
uCi of [a-32P]UTP. After RNase-free DNase I and proteinase K diges-
tion, the reaction products were extracted with guanidinium isothio-
cyanate (4 M) and phenol/chloroform, and unincorporated [a-3?P]-
UTP was removed by trichloroacetic acid precipitation and filtration.
The radiolabeled RNA (2-3 X 107 cpm) was dissolved in 1 ml of hybrid-
ization solution (50% formamide, 5 X SSC, 160 mM Tris, pH 7.5, 1
X Denhardt’s solution, 0.5% SDS, 7.5% Dextran) and hybridized at
42°C for 48 h with 5 ug of linearized pBluescript II KS(—) plasmid,
immobilized to a nylon membrane, containing rat AT1a-R ¢cDNA
fragment (3) or rat 8-actin cDNA (a kind gift from Dr. Yasukiyo Mori,
Kansai Medical University, Japan). After washing the membrane in 2
X SSC +0.1% SDS at 65° for 1 h, 0.2 X SSC + 0.1% SDS at 37°C for 30
min in the presence of 10 ug/ml RNase A, and 0.2 X SSC at 37°C for 30
min, the bound radioactivity was determined by scintillation counting.

Transcription stability analysis. The stability of ATla receptor
mRNA in dexamethasone-treated and control cardiac fibroblast was
measured by incubating the cells with 5 ug/ml actinomycin D to block
transcription as reported previously (33). After various periods of in-
cubation, total RNA (2 ug) was isolated from individual dishes and
RT-PCR was performed using the primers specific for AT 1a receptor
gene without deletion mutated cRNA.

Immunocytochemistry. The contamination of cardiomyocytes was
examined by means of the immunofluorescent staining using a mouse

monoclonal antibody against desmin (Sigma Chemical Co., St. Louis,
MO), a cytochemical protein of cardiomyocytes as described by Dostal
et al. (20). The staining procedures were performed on cells seeded on
glass coverslips. After aspirating of culture media, cells were washed
three times with 100 mM glycine in PBS (12.3 mM NaH,PO,, 3.17
mM KH,PO,, 123.3 mM NaCl, pH 7.4) and fixed for 10 min at 22°C
with Formalin fixative (3.7% formamide, 244 mM sodium acetate, pH
7.5). The cells were washed three times with 100 mM glycine in PBS
and soaked in 0.05% Triton X-100 in PBS for 10 min. The cells were
washed and incubated with the solution containing 50 mM Tris pH
7.4, 100 mM NaCl, 5% nonfat dry milk for 10 min, after which the cells
were incubated for 1 h with anti-desmin monoclonal antibody (diluted
1:50) at 37°C and treated with goat anti-mouse IgG-fluorescein isothio-
cyanate (Sigma Chemical Co.). The secondary antibody was titrated to
prevent nonspecific background fluorescence. The cells were rinsed in
deionized water and placed cell-side down in mounting solution (90%
glycerol in PBS) containing 0.1% p-phenylenediamine added to reduce
photobleaching of the fluorescent stains during microscopy.

Reagents and statistical methods. All reagents were purchased from
Sigma Chemical Co. unless otherwise indicated below. Results are ex-
pressed as mean+SEM. Analysis of variance and the Newman-Keuls
test were used for multigroup comparisons. Values of P < .05 were
considered statistically significant.

Results

The Angll binding assay was performed with '>’I-Angll for
cardiac fibroblasts and with '°I-Sar" Ile® AnglI for cardiomyo-
cytes, because it has been shown that using these different '%1-
ligands, neonatal rat cardiac fibroblasts (22) or cardiomyocytes
(29) have a single class of AnglI binding sites, respectively. The
use of '>I-AnglI to cardiomyocytes from 1-d-old rats yielded
two class of binding sites with high (K,; = 0.78+0.06 nM, n = 3)
and low (K, = 6.2+0.2 nM, n = 3) affinities in the Scatchard
plots. The K, value of cardiomyocytes (Table 1), determined
by '*I-Sar! Ile® Angll, was very similar to that of high-affinity
sites determined by the use of '>’I-Angll, and the potency of
unlabeled Angll in competing for '>I-Angll binding (ICs,
= 1.3 nM) and '»I-Sar’, Ile® AnglI binding (ICs, = 1.1 nM)
was almost same, suggesting that '5I-Sar! Ile® Angll recog-
nized the same binding site as '*’I-Angll. These data are in
good agreement with the results by Rogers et al. (29) using the
microsomal fraction from neonatal rat cardiomyocytes.
Equilibrium binding of '*I-ligands was attained after 60
min at 23°C in cardiac fibroblasts and cardiomyocytes pre-

Table I. Summary of Scatchard Analysis Data of Angll Binding Assay

Embryonic day 19 1-d neonate 7-d neonate
Ky Bra Ky Bonax Ky Boax
nM fmol/mg protein nM fmol/mg protein nM fmol/mg protein
Cardiac fibroblasts
Angll 0.97+0.1 826+52 0.93+0.1 588+43* 0.95+0.1 603+48*
Cardiomyocytes
Sar! Ile® Angll 0.68+0.04 465+51 0.61%0.1 357+61* 0.64+0.1 342+40*

Cells on 35-mm plates were incubated with 0.05 nM '?*I-Angll for cardiac fibroblasts or 0.05 nM '%I-Sar' Ile® AnglI for cardiomyocytes in the
presence of varying concentrations of unlabeled ligands. The binding data were determined by Scatchard analysis. An experiment was performed
using cell plates in duplicate from a single preparation. Data shown are the mean+SEM of the values from three separate experiments. * P

< 0.05 compared with the values in embryonic day 19.
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Figure 1. Competition curves showing ligand specificity for '2’I-AnglI binding to embryonal day 19 (E19) and neonatal rat (1 and 7 d) cardiac
fibroblasts. Cells on 35-mm plates were incubated with 0.05nM '2’I-AnglI for 60 min in the presence of varying concentrations of nonlabeled
Angll, TCV116 (AT1 receptor antagonist), and PD123319 (AT2 receptor antagonist). An experiment was performed at each concentration

using the cell plates in duplicate from a single preparation. Each point in competition curves represents the mean of values from three separate
experiments and the deviation range is within 10%.

9 8

pared from embryonal day 19 (E19) and neonatal rat hearts
(1 and 7 d), and their saturable specific binding represented

diomyocytes was determined by the ability of the specific antag-
onists to inhibit the binding of '?’I-ligands to the cells (Figs. 1

70-95% of total bindings over a range of radioligand concen-
trations (0.05-10 nM). Nonradiolabeled AnglI and Sar' Ile®-
AnglI competed for the bindings of 0.05 nM '*I-ligands with
high affinity for cardiac fibroblasts and cardiomyocytes (Figs. 1
and 2). Scatchard analyses of the data were linear and hence
consistent with the presence of a single class of Angll-binding
sites (summarized in Table I), as reported previously (22, 29).
The subtype of Angll receptor in cardiac fibroblasts and car-

and 2). In the E19 cardiac fibroblasts the AT1-R antagonist
(TCV116) inhibited the binding by 61+2% at a concentration
of 1 uM with an IC;, of 32+5 nM, while the AT2-R antagonist
(PD123319) caused a 38+2% inhibition at 1 uM. In the 1-and
7-d cardiac fibroblasts, the ATI1-R antagonist competed
strongly and displaced the binding by 95+3% at a concentra-
tion of 1 uM, whereas the AT2-R antagonist was a very weak
competitor. Competitive binding was also studied in the car-
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Figure 2. Competition curves showing ligand specificity for '2’I-Sar' Ile® Angll binding to embryonal day 19 (E19) and neonatal rat (1 and 7 d)
cardiomyocytes. Cells on 35-mm plates were incubated with 0.05nM '[-Sar' Ile® Angll for 60 min in the presence of varying concentrations
of nonlabeled Sar’ Ile® Angll, TCV116 (AT receptor antagonist), and PD123319 (AT?2 receptor antagonist). An experiment was performed at

each concentration using the cell plates in duplicate from a single preparation. Each point in competition curves represents the mean of values
from three separate experiments and the deviation range is within 10%.
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diomyocytes. As shown in Fig. 2, in contrast to the data from
the cardiac fibroblasts, cardiomyocytes substantially expressed
both AT1-R and AT2-R through embryonal and neonatal
stages: the AT1 antagonist (10 M) inhibited the binding by
59+3% (E19), 62+4% (1 d), and 63+4% (7 d), while the AT2
antagonist (10 uM) caused 40+4% (E19), 29+3% (1 d), and
31+4% (7 d) inhibitions, respectively.

Fig. 3 A shows the change in the Angll receptor density and
the subtype expression profiles in E19 and 1-d neonatal rat
cardiac fibroblasts. The Angll receptor densities in E19 cardiac
fibroblasts are significantly higher (P < 0.01, 1.4-fold) as com-
pared with those in 1-d fibroblasts, while AT1-R densities do
not significantly change (524+31 fmol/mg protein at E19 to
549+33 fmol/mg protein at 1 d) and AT2-R densities are dra-
matically decreased (305+23 fmol /mg protein to 41+12 fmol/
mg protein) in 1-d neonates. The binding affinity was similar
in E19 and neonatal rat cardiac fibroblasts ( Table I). This indi-
cates that the remarkable decrease in the Angll receptor den-
sity that occurs in 1-d cardiac fibroblasts is mainly attributed to
the change in AT2-R expression. The unchanged AT1-R ex-

pression during embryonic and neonatal period was examined
at the mRNA level using quantitative RT-PCR, because of the
low level of AT 1-R mRNA expression in the cardiac fibroblasts
and cardiomyocytes. The validity of the quantitative RT-PCR
analysis for AT1-R gene has already been established by our
group (3) and by Iwai et al. (34). As shown in Fig. 3 B, the
RT-PCR assay indicates that the AT1-R mRNA levels in E19
and 1-d rat cardiac fibroblasts are very similar, which is consis-

~ tent with the results of the binding assay. On the other hand,

the AT1-R has two subtypes (AT1a-R and AT1b-R) with high
homology as well as similar binding and functional characteris-
tics (7, 13). Because the PCR primers used in the RT-PCR
assay for AT1-R mRNA levels are designed from the oligonu-
cleotides common to AT1a-R and AT1b-R cDNA sequences,
the amplified AT1-R signals reflect both AT1a-R and AT1b-R
mRNA levels. Therefore, we designed primers specific for
AT1a-R or AT1b-R sequences to examine the subtype mRNA
levels. As shown in Fig. 3 C, the embryonal day 19 and neona-
tal rat cardiac fibroblasts expressed both AT1a-R and AT1b-R
mRNAs. The AT1a-R mRNA level is higher (approximately
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Figure 3. Developmental regulation of AT1 and AT2 receptor expression in embryonal day 19 (E19) and 1-d neonatal rat cardiac fibroblasts. (A4)
AnglI receptor density was calculated from the Scatchard analysis of the competitive binding curves shown in Fig. 1. Specific '>’I-AnglI binding
sensitive to TCV-116 or PD123319 was estimated as AT1 or AT2 receptors, respectively (3). The experimental conditions, data numbers, and
statistical methods are same as those in Fig. 1. * P < 0.01 vs. E19 values. (B) Total RNA (500 ng) was reverse-transcribed with deletion mutated
cRNA (AATI, 1 pg) and resultant cDNA mixtures were amplified by PCR in the presence of [3*P]JdCTP. The PCR products loaded onto a 1%
agarose gel and autoradiographic signals (10 ug of total RNA) from Northern blots using a-tubulin are shown. The incorporated *2P counts in
AT1 signals were normalized to those in AAT1 and a-tubulin autoradiographic counts measured using a densitometer. The normalized value

in E19 fibroblasts was arbitrarily expressed as 1 unit. (C) Total RNA (500 ng) was reverse-transcribed and amplified with AT1a and AT 1b spe-
cific primers in the presence of [*?P]dCTP. The resultant PCR products were loaded onto a 2% agarose gel. The ratio of the expression level of
ATla and AT1b was calculated as (the radioactivity of 385-bp fragment/the radioactivity of 204-bp fragment) X (90 [GC content of 204-bp
fragment]/171 [GC content of 385-bp fragment]). An experiment was performed using total RNA from cells obtained by a single preparation.
All data shown are the means+SEM of three separate experiments. Abbreviation: MWM, molecular weight marker
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ninefold) than that of AT1b-R in E19 fibroblasts and this ex-
pression pattern was unchanged throughout the embryonal
and neonatal periods.

Fig. 4 A shows the changes in Angll receptor density and
subtype in E19 and 1-day rat cardiomyocytes: Angll receptor
densities are significantly (P < 0.05) decreased from 465+51
(E19) to 35761 fmol/mg protein ( 1-d), whereas the propor-
tion of ATI-R is unchanged and the AT2-R density is de-
creased (from 178+14 to 8719 fmol/mg protein). This devel-
opmental regulation profile of subtype expression is compara-
ble with that in the cardiac fibroblasts except that the
proportion of AT2-R expression is more remarkably reduced
in 1-d cardiac fibroblasts. As shown in Fig. 4 B, the AT1-R
mRNA levels in E19 and 1-d rat cardiomyocytes were not sig-
nificantly changed, which was in agreement with the results of
the binding assay. The AT1a-R and AT1b-R mRNA levels in
the cardiomyocytes were analyzed by RT-PCR (Fig. 4 C). The
ratios of AT1a-R mRNA to AT1a-R + AT1b-R mRNAs were
42+7% (E19) and 43+6% (1-d), suggesting that the AT1b-R
mRNA level expressed in cardiomyocytes slightly predomi-
nates over that of AT 1a-R in contrast to the expression profile
in cardiac fibroblasts.

It has been reported that the proportion of AT1-R and
AT2-R subtype expression in embryonal rat skin fibroblasts
changes during culture (35). As described in Methods, the car-
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diac fibroblasts obtained by pre-plating were maintained for 2
d, passaged with trypsin, then seeded on plates. Fig. 5 shows the
expression profiles of the AT1-R and AT2-R subtypes in E19
and 1-d cardiac fibroblasts during culture. The total AnglI re-
ceptor densities did not significantly change and the propor-
tions of AT1-R and AT2-R remained constant for 8 d in cul-
ture after the second dispersion. The ATla-R and AT1b-R
mRNA levels were also unchanged during the culture (data not
shown). Thus, unlike the embryonal rat skin fibroblasts, the
embryonal and neonatal cardiac fibroblasts stably expressed
ATI-R (including AT1a and AT1b) and AT2-R during cul-
ture. Because cardiac fibroblast- and cardiomyocyte-rich cul-
tures were potentially cross-contaminated, staining with a
monoclonal antibody against desmin, a cytoskeletal protein of
cardiomyocytes, was used to identify cardiomyocytes. Fibro-
blast-rich cultures were relatively free of cardiomyocytes and
cardiomyocyte-rich cultures were contaminated with about
5-10% fibroblasts (data not shown), consistent with the pre-
vious studies (20, 22, 24).

To investigate the effects of glucocorticoids on Angll recep-
tors, 1-d cardiac fibroblasts were incubated with 1 uM dexa-
methasone for 4-24 h. As shown in Fig. 6, the Angll receptor
density was significantly increased after 8-24 h of exposure to
dexamethasone and progressively increased by ~ 1.8-fold at
24 h, while the K, values did not significantly change during the
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Figure 4. Developmental regulation of AT1 and AT2 receptor expression in embryonal day 19 (E19) and 1-d neonatal rat cardiomyocytes. (4)
The Angll receptor density and proportion of AT1 and AT2 were determined as described in Fig. 3 4. The experimental conditions, data num-
bers, and statistical methods are same as those in Fig. 1. *P < 0.01 vs. E19 value. (B) AT1-R mRNA levels were determined by reverse-tran-
scriptase PCR as described in Fig. 3 B. (C) AT1a-R and AT1b-R mRNA levels were evaluated in the way same as described in Fig. 3 C. An
experiment was performed using total RNA from cells obtained by a single preparation. All data shown are the means+SEM of three separate

experiments. Abbreviation: MWM, molecular weight marker
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Figure 5. Changes in the expression of the Angll and AT1 and AT2
receptors in cultured embryonal day 19 (E19) and 1-d cardiac fibro-
blasts. The cells obtained by preplating were cultured for 2 d in the
presence of 10% FCS + DMEM, dispersed with trypsin, then seeded.
After a 2-d culture with 10% FCS + DMEM (day 2), the medium
was exchanged to serum-free DMEM at the indicated time and the
binding assay was performed 1 d later. An experiment was performed
at each time point using the cell plates in duplicate from a single
preparation. All data shown are the means+SEM of three separate
experiments.

exposure. It should be noted that AT1-R expression was in-
creased by dexamethasone, whereas AT2-R expression was un-
affected at 24 h (Fig. 7 A). The steady-state mRNA level of
AT1-R was measured by RT-PCR (Fig. 7 B). Since the a-tubu-
lin mRNA level was significantly unchanged throughout the
experimental period, we used a-tubulin mRNA as an internal
RNA control. The relative value normalized with deletion mu-
tated cRNA and a-tubulin signals indicated that the increase in
the AT1-R mRNA level was 1.91+0.12-fold at 24 h. The effects
of dexamethasone on AT1a-R and AT 1b-R mRNA levels were
studied (Fig. 7 C). AT1a-R mRNA accumulation was exclu-
sively induced as compared to that in the absence of dexametha-
sone, whereas changes in AT 1b-R mRNA were not significant.
RU38486, a specific glucocorticoid antagonist, completely in-
hibited the increases of AT1a-R at the protein and mRNA
levels induced by dexamethasone (Fig. 7, 4 and B).

We determined whether dexamethasone increased AT1a-R
mRNA levels through a transcriptional or a posttranscriptional
mechanism. To investigate this, a nuclear run-off transcription
assay was performed and the stability of AT1a-R mRNA was
examined. As shown in Fig. 8 A, the transcriptional rate of
ATla-R gene relative to that of B-actin gene increased
1.96+0.23-fold in dexamethasone-treated cells. The rate of
transcription of 8-actin gene was not altered with dexametha-
sone as previously reported (36). This change corresponded
with the increase in AT1a-R mRNA levels evaluated by RT-
PCR. The AT1a-R mRNA turnover was examined by inhibit-
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Figure 6. Time course of changes in the number of AnglI receptors
induced by dexamethasone (DEX). 1-d cardiac fibroblasts were ex-
posed to dexamethasone (1 uM) for 4-24 h. An experiment was per-
formed at each time point using the cell plates in duplicate from a
single preparation. The data shown are the means+SEM of three sep-
arate experiments. * P < 0.05, **P < 0.01 vs. controls.

(hours)

ing new mRNA transcription with actinomycin D (Fig. 8 B). A
half-life of 18+0.7 h for AT1a-R transcript was obtained in the
absence of the steroid. The half-life was unchanged in the pres-
ence of dexamethasone up to 36 h.

Discussion

The renin-angiotensin system is an important determinant of
cardiovascular homeostasis. Recent evidence indicates that
Angll is involved in mitogenesis and/ or hypertrophy as well as
in stimulating the heart rate and affecting cardiac contractility
(14). For example, Angll stimulates hypertrophy in adult rat
cardiomyocytes and expression of the early growth response
gene in adult rat cardiomyocytes (24, 37). A series of studies by
Baker and co-workers have revealed that rat neonatal cardiac
fibroblasts express the functional AngllI receptors, Angl, Angll,
and ACE as a component of the local renin-angiotensin system
in the heart (20, 22). Several animal studies have shown that
treatment with an ACE inhibitor prevents myocardial fibrosis
in a rat model with renovascular hypertension (38) and with
induced myocardial infarction (39). In the latter study, colla-
gen accumulation and DNA synthesis were prevented by the
ACE inhibitor. This evidence suggests that cardiac fibroblasts
are a target of Angll, and that Angll plays a role in the struc-
tural remodeling of the cardiac interstitium by exerting a prolif-

. erative effect on fibroblasts.

Our present data showed for the first time, that rat cardiac
fibroblasts in culture consistently express AT1a-R rather than
AT1b-R during development from the late embryo to the neo-
nate, and that the expression of AT2-R is dramatically re-
pressed immediately after birth. An increase in the total num-
ber of Angll receptors in embryonal rat cardiac fibroblasts was
shown to be due to an increase in the number of AT2-R. In
contrast, the substantial expression of both AT1-R and AT2-R
in the cardiomyocytes in culture was maintained during devel-
opment, in which the expression of AT2-R is significantly in-
creased in E19 cardiomyocytes as compared to that during the
neonatal period, resulting in an increase of total Angll receptor
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Figure 7. Changes in Angll, AT1 and AT2 receptor numbers, and mRNA levels induced by dexamethasone (DEX). 1-day cardiac fibroblasts
were incubated with DEX (1 uM) or DEX (1 uM) + RU38486 (10 uM, added 30 min before) for 24 h. (4) The Angll receptor numbers and
the proportion of AT1 and AT2 receptors were determined as described in Fig. 3 4. The experimental conditions, data numbers, and statistical
methods are same as those in Fig. 1. * P < 0.05 vs. control (CTL) value. ( B) Reverse-transcriptase PCR of AT1 receptor mRNA levels induced

by dexamethasone (1 uM) for 24 h. The AT1 signals were arbitrarily normalized to deletion-mutated cRNA (AAT1) and a-tubulin Northern
blot signals as described in Fig. 3 B. * P < 0.01 vs. CTL value. (C) Reverse-transcriptase PCR of the AT1a and AT1b mRNA levels induced by
dexamethasone (1 uM) for 24 h. The ratio of AT1a-R and AT1b-R was calculated in the way same as Fig. 3 C. *P < 0.05 vs. CTL value. An
experiment was performed using total RNA from cells obtained by a single preparation. All data shown are the means+SEM of three separate

experiments. Abbreviation: MWM, molecular weight marker.
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Figure 8. (A) Effects of dexa-
methasone (DEX') on tran-
scription rate of the ATla re-
ceptor gene. 1-d cardiac fi-
broblasts were incubated in
DMEM containing 5% FCS
without (CTL) or with DEX
(1 uM) for 24 h. The nuclei
were isolated and incubated
in the presence of [*2P]JUTP
as described in Methods. The
[**P]RNA was isolated and
hybridized to plasmid DNAs
(5 pg/dot) containing AT la-
R or B-actin cDNA. The
transcription rates were ex-
pressed relative to the B-actin
transcription rate and the
values in CTL were normal-
ized to | arbitrary unit. An
experiment was performed

using cells from a single preparation. The data shown are the means+SEM of three separate experiments. *P < 0.05 vs. CTL. (B) Stability of
AT la receptor mRNA was estimated by inhibiting gene transcription with actinomycin D. 1-d cardiac fibroblasts were incubated in the medium
without (CTL) or with DEX (1 uM) for 24 h, and the medium was replaced with DMEM containing actinomycin D (5 ug/ml) without (CTL)
or with DEX (1 uM) for the indicated periods. The decrease in the AT1a receptor mRNA abundance was detected by reverse-transcriptase
PCR method using AT1a primers without deletion mutated cCRNA. An experiment was performed using total RNA from cells obtained by a
single preparation. The data shown are the means of three separate experiments and the deviation range is within 10%.
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numbers in E19 cardiomyocytes. The expression of AT1b-R
mRNA in cardiomyocytes, unlike cardiac fibroblasts, predomi-
nates over the AT 1a-R mRNA level and this expression profile
was consistently observed through the embryonal and neonatal
period. A previous study (22) that used a cell preparation pro-
cedure very similar to ours, showed that the contamination of
vascular smooth muscle cells in cardiac fibroblast cultures is
< 5% and that there is no contamination of endothelial cells in
fibroblast cultures. Because it is impossible to eliminate fibro-
blast contamination from cardiomyocyte cultures (< 10% with
desmin staining) and because the fibroblasts predominantly
possess AT 1a-R rather than AT1b-R, the actual proportion of
AT1b-R expressed in cardiomyocytes might be more than that
estimated in this study. Thus, the expression profile for AT1-R
(including AT1a-R and AT1b-R) and AT2-R is quite distinct
between cardiac fibroblasts and cardiomyocytes in culture, in-
dicating that the expression of AnglI receptors is regulated in a
cell-specific manner in the heart as well as in a subtype-specific
manner.

The AT1-R mediates Angll-induced alterations in cardio-
vascular responses, catecholamine and aldosterone secretion,
and drinking behavior (2). Although the potential function
and cDNA structure of the AT2-R remains unpublished,
Grady et al. (17) have suggested an AT2-R mediating effect of
Angll on fetal development, by providing evidence that the
AT2-R abundantly expressed in mesenchymal cells sharply de-
creases postparturition and that the AT1-R is consistently pres-
ent in the fetus with a tissue distribution identical to that found
in the adult animal. These expression profiles appear to be very
similar to those observed in cardiac fibroblasts and cardiomyo-
cytes. Such developmental changes were also reported in the
human study in which ventricular Angll-binding density in
1-d-old baby was 10-fold higher than that in adult heart, al-
though the receptor subtype was not determined (40). An in
situ autoradiographic study has shown that the proportion of
ATI1-R and AT2-R in the E19 rat heart is nearly equal (4). We
also revealed using a membrane binding assay, that the neona-
tal rat heart expresses AT1-R and AT2-R in equal amounts,
and that cardiac hypertrophy stimulates expressions of both
subtypes at the mRNA and protein levels (3). In addition, an
ATI1-R antagonist completely inhibited the development of
hypertrophy, whereas the AT2-R antagonist did not affect the
magnitude of hypertrophy. These accumulated findings sug-
gest that in the rat heart, the AT2-R is important during fetal
development and that the AT1-R is closely involved in the
growth or hypertrophic responses of the mature heart in the
postnatal period. The findings that balloon angioplasty en-
hances the expression of AT1-R in the neointima of the rat
aorta (41) or that a venous bypass graft induced AT1-R expres-
sion in the myointimal thickening segment (42) may support
our hypothesis. Further study, including molecular character-
ization of AT2-R would be required.

The rat AT1-R have at least two subtypes (AT1a-R and
ATI1b-R), which exhibit high similarity in amino acid se-
quence (95% identity ), binding of AnglI analogues and utiliza-
tion of Ca** as an intracellular second message (7, 13). The
adrenal, pituitary, and uterus primarily express ATIb-R
mRNA, whereas vascular smooth muscle, kidney, and cere-
brum express primarily AT1a-R mRNA (7, 13). In the human
study, Mauzy et al. (10) have reported that the subtype in
ATI1-R exists in the human gene, whereas Yoshida et al. (12)
have shown that human has a single class of AT 1-R gene. Thus,
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there are discrepant results with respect to the presence of hu-
man AT1-R subtype. In the adult rat heart, it is reported that
the ratio of AT 1a-R mRNA to AT1b-R mRNA is 1.2 by Iwai et
al. (34) or 1.75 by Kitami et al. (30). In the present study, we
demonstrated that cardiac fibroblasts exclusively express
ATla-R, while in cardiomyocytes the proportion of AT1b-R
mRNA is higher than that of AT1a-R mRNA. Iwai and Ina-
gami (7) and Kakar et al. (13) have proposed that ATI1b-R
mediates endocrine function such as the secretion of aldoste-
rone from the adrenal gland, and adrenocorticotropic hor-
mone and prolactin from the pituitary gland, because of its
localized distribution in the rat tissue. The cardiomyocytes se-
crete atrial natriuretic factor (ANF), whereas ANF granules
are not present in cardiac fibroblasts (43, 44). It has been re-
ported that AnglI directly stimulates ANF secretion from neo-
natal rat cardiomyocytes, but not from cardiac fibroblasts
(43). Supposing the AT1b-R could mediate endocrine func-
tion as proposed by Kakar et al. on the basis of its tissue distri-
bution (7, 13), the AngllI effect mediated by cardiac AT1b-R
may be involved in ANF secretion from cardiomyocytes. How-
ever, this could be unlikely, because AT1a-R and AT1b-R have
a high similarity in the receptor-mediating function (7, 13).
The development of an AT1b-R specific antagonist would be
important to establish this claim.

In most steroid-regulated genes, gene expression is mainly
influenced by changing the transcription rate (45), but signifi-
cant differences in the stability of mRNA such as that of oval-
bumin mRNA in the presence of estrogen (46), have been
reported. In the present study, the RT-PCR assay demon-
strated using the primers specific for AT 1a-R or AT1b-R gene,
that the AT1a-R mRNA level is increased by 2.1-fold in the
presence of dexamethasone, whereas the AT1b-R mRNA level
is unchanged by dexamethasone. The increase in dexametha-
sone-induced transcription, measured by the run-off assay, was
in good agreement with the increase in AT1a-R transcript de-
termined by the RT-PCR assay. The half-life of AT1a-R tran-
script (Fig. 8 B) or AT1b-R transcript (data not shown) was
unaffected by dexamethasone. Although the AT1a-R cDNA
probe used in the run-off assay could hibridize to the transcript
of AT 1b-R gene because of its highly homologous sequence (7,
13), these findings suggest that AT 1a-R gene is responsive to
dexamethasone at the transcriptional level and AT 1b-R gene is
not regulated by dexamethasone. Glucocorticoids are involved
in the regulation of blood pressure (27), and enhancement of
vascular responsiveness has been considered one of the major
contributing factors in glucocorticoid-induced hypertension
(28). It has been reported that the expression of a1B-adrener-
gic receptor (36) or vasopressin receptor (V1 subtype) (47) is
also increased by dexamethasone. Since the vascular smooth
muscle cells express a substantial amount of AT1a-R (5), the
overexpression of these vasoactive substances receptors may be
involved in vascular hyperreactivity in glucocorticoid-induced
hypertension such as Cushing’s disease. These possibilities
would require direct experimental testing in animals possibly
including humans.
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