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SUMMARY
Activation of b-adrenoceptors has been shown to promote
renin secretion in both human kidney and placenta. In kidney,
the enhanced secretion is immediately observed, and mobili-
zation of renin in the storage granules accounts for such a rapid
response. In contrast, the enhanced secretion in placenta is
delayed for 6–12 hr after receptor activation and consists al-
most entirely of the renin precursor prorenin. It is hypothesized
that newly synthesized rather than stored enzyme is responsi-
ble for the enhanced secretion in human placenta. To test this
hypothesis, placental explants were cultured in the presence or
absence of the protein synthesis inhibitor cycloheximide, and
prorenin concentrations in the tissue and medium were mea-
sured. Dobutamine and terbutaline, b1- and b2-adrenoceptor
agonists, evoked 17- and 5-fold increases in secretion, respec-
tively. Tissue content of prorenin in response to the treatment
was increased by a similar magnitude, yet values were consis-
tently ,10% of medium concentrations. The increases in pro-

renin concentrations in both medium and tissue, however, were
markedly attenuated by cycloheximide, suggesting that prore-
nin synthesis in response to b-adrenoceptor activation is re-
quired. Reverse transcription coupled with polymerase chain
reaction revealed that renin mRNA levels were increased by
3–8-fold and occurred before increases in tissue and medium
prorenin, indicating that increased renin mRNA levels are re-
sponsible for the increased synthesis of prorenin. Explants
cultured in the presence of actinomycin D, an inhibitor of tran-
scription, did not show the agonist-induced prorenin mRNA
levels or enhancement of its secretion. The peak levels of renin
mRNA were reached after 6 hr of incubation, were sustained at
similar levels after 24 hr, and were not affected by cyclohexi-
mide. These findings are consistent with the notion that en-
hancement of renin mRNA and de novo protein synthesis are
required for prorenin secretion induced by activation of placen-
tal b-adrenoceptors.

Components of the RAS have been localized in human
placental tissues, yet their physiological importance in repro-
duction remains undetermined (1). Suggested roles for this
extrarenal RAS include regulatory influences on placental
circulation (2–4), secretion of placental hormones (5), and
angiogenic effects on the early gestation vascular bed (6).
It has been demonstrated that activation of b-adrenoceptors

promotes prorenin secretion from placental tissues by a cAMP-
dependent mechanism (7). Characteristic of this response was a
6–12-hr period of incubation before the release of prorenin,
which distinguishes the placental response from that of the
kidney. Delayed induction brings into question the possibilities
of the requirement of protein synthesis to mediate transcription
activation or impairment in mRNA degradation.
During recent years, studies of renin gene transcription

regulation in a number of placental cell preparations have
indicated the importance of 59-flanking DNA sequences (8–
10). Of particular interest are the cAMP-induced mecha-

nisms of renin gene expression involving pituitary-specific
factor Pit-1 and CRE binding sites (11). In contrast to the
kidney, it is generally accepted that in the placenta, en-
hanced prorenin secretion is largely accounted for by renin
gene expression. The lack of identification of specific CREBs
in placental cells and the possibility of alternative regulatory
59-flanking regions for cAMP-mediated transcriptional con-
trol indicate that the mechanisms by which cAMP influences
renin gene transcription are not completely understood. An
alternative mechanism of cAMP-regulated gene expression
has been offered; it was shown in a juxtaglomerular cell
preparation that cAMP enhances the stability of renin
mRNA (12). Also, the delay of prorenin secretion in response
to b-adrenoceptor activation may be attributed in part to
intracellular processing events that occur after renin gene
transcription. In fact, recent evidence in a human pulmonary
carcinoma cell line indicated the enhancing effects of cAMP
on renin mRNA in a post-transcriptional manner (13).

ABBREVIATIONS: RAS, renin-angiotensin system; CRE, cAMP-response element; CREB, cAMP-response element-binding protein; mutREN,
mutant renin; PCR, polymerase chain reaction; GAPDH, glyceraldehyde-3-phosphate dehydrogenase; RT, reverse transcription; SSC, standard
saline citrate.
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We therefore examined the effects of placental b-adreno-
ceptor activation on placental prorenin content, secretion,
and renin mRNA levels and evaluated the effects of tran-
scription and protein synthesis inhibitors on these responses.

Experimental Procedures
Placental explant culture. The study procedure was approved

by the Institutional Review Committee at the University of Kansas
Medical Center. The model used in this study was a modified version
of the human placental explant system described previously (7, 14).
Briefly, the explant was elevated on a wire mesh screen to allow
complete submersion while maintaining proximity to the air/medium
interface. Explants were incubated in CMRL 1060 medium contain-
ing 0.1% bovine serum albumin, 50 mg/ml gentamicin, and 25 mg/ml
ampicillin. Unless stated otherwise, the medium was changed at
24-hr intervals. At the end of each incubation period, tissues were
rinsed, blotted, placed in liquid nitrogen, and stored at 270°.
Renin assay. Total renin (active renin plus prorenin) was as-

sayed after trypsin activation of the samples and radioimmunoassay
of angiotensin I (125I-angiotensin I; DuPont-New England Nuclear,
Boston, MA) generated from sheep substrate (15). For the assay,
prorenin was converted to active renin through exposure to bovine
trypsin (2 mg/ml) at room temperature for 30 min. The reaction was
terminated by the addition of soybean trypsin inhibitor (100 mg/ml).
Active renin was also measured separately from each sample with-
out the addition of trypsin. The enzymatic reaction was conducted in
the presence of 5 mM EDTA, pH 8.0, and sheep renin substrate for 1
hr at 37°. Human renin (National Institute for Biological Standards,
London, UK) was used as an internal standard. For each assay, a
standard curve was generated [0.039–5 munits/tube (Goldblatt
units)] using samples diluted with culture medium to reach the
linear portion of the curve. Each sample was assayed in duplicate. It
is recognized that the vast majority of renin present in placental
tissues is in the form of prorenin (16). Therefore, unless specified
otherwise, values reported are with reference to prorenin concentra-
tions and indicated as munits of prorenin/mg of explant protein.
Protein assay. Each placental explant was suspended in 1 ml of

5 mM EDTA, pH 8.0, and sonicated twice for 15 sec followed by
centrifugation at 3000 3 g for 20 min. The supernatant fraction was
collected for protein determination using bovine serum albumin as a
standard (17).
RNA isolation. Total RNA was isolated from frozen placental

tissues according to the procedure of Chomczinski and Sacchi (18).
The amount of total RNA obtained varied from 2 to 4 mg/mg of
placenta (wet weight). The integrity of the placental RNA was eval-
uated by agarose gel electrophoresis.
RT-PCR. The renin mRNA levels in placental explants treated

with b-adrenoceptor agonists were determined by two methods in
which the PCR technique was used. In the semiquantitative method,
the amount of renin mRNA is compared with that of GAPDH, which
is unaffected by b-adrenoceptor activation. Second, a quantitative
measure of renin mRNA levels was performed by using a mutREN
construct, which served as the template for the generation of cRNA.
The resultant cRNA was quantified and used as a reference in the
PCRs for the samples. Four micrograms of total RNA was used for
RT-PCR. The RNA was denatured at 65° for 5 min in a reaction
mixture containing 1 unit of RNasin, 0.5 mM dNTP, 10 pmol of
oligo(dT) in 50 mM TriszHCl, pH 8.3, 75 mM KCl, and 5 mM MgCl2 in
a final reaction volume of 19 ml. After the mixture was cooled at 4°,
1 unit of avian myeloblastosis virus reverse transcriptase (Promega,
Madison, WI) was added, and the mixture was incubated at 42° for
45 min and then at 52° for 15 min.
The primers for the amplification of renin cDNA were 59-GATG-

GATGGAGAAGGATG-39 (forward; nucleotides 4–21) and 59-
AATCTCGCCATAGTACTG (reverse; nucleotides 253–270) corre-
sponding to a sequence spanning intron A of the human renin

precursor gene sequence (19). The PCRs were performed with 1 ml of
cDNA using 2.5 units of Taq polymerase; 200 mM concentration each
of dCTP, dTTP, dCTP, and dATP; 50 pmol of each oligonucleotide
PCR primer; 10 mM TriszHCl, pH 8.3; 50 mM KCl; and 2.5 mM MgCl2
in a total volume of 100 ml. After the hot start (3 min at 94°; 80° hold),
the samples were subjected to 25 cycles of 1 min at 94°/1 min at 56°
followed by an extension step at 72° for 1 min with a final extension
period of 10 min. For coamplification experiments, primers used for
GAPDH cDNA were as follows: 59-GCTTTTAACTCTGGTA-
AAGTGG-39 (forward) and 59-TCACGCCACAGTTTCCCGGAGG-39
(reverse) corresponding to nucleotides 64–85 and 582–603 of the
GAPDH coding sequence (20). These primers were designed from the
59 region of each DNA sequence to produce a 267-bp product for renin
cDNA and a 585-bp product for GAPDH. A 10-ml sample of the PCR
mixture was applied to a 1% agarose gel and electrophoresed at 50 V
for 1 hr.
Southern blot analysis. Each 10-ml sample was electrophoresed

at 50 V for 1 hr in a 1% agarose gel with 13 TAE buffer (20 mM Tris
acetate, 5 mM EDTA, pH 8.0). To transfer the PCR-amplified cDNA
to a hybridization membrane, the DNA was denatured by soaking
the gel in 500 ml of 0.5 M NaOH and 1.5 M NaCl for 30 min and then
neutralized by soaking in 500 ml of TriszHCl 0.5 and 1.5 M NaCl, pH
8.0, for 1 hr. The DNA was transferred to a hybridization membrane
(Quantum Yield, Promega) that was presoaked in 103 SSC (13 5
.15 M NaCl, .015 M sodium citrate) for 15 min using a vacuum-
blotting system (Pharmacia LTB, Piscataway, NJ) at 50 cm of H2O
for 2 hr, after which the membrane was removed and soaked in 23
SSC for 15 min. The membrane was air dried and then baked for 2 hr
at 80°, and the DNA was cross-linked to the membrane by exposure
to 1200 mJ of UV light for 1 min. The hybridization was conducted
using alkaline phosphatase-conjugated oligonucleotide probes with
chemiluminescence detection (21, 22). Each step was performed in a
rotating hybridization oven at 42–45°. The membrane was placed in
a hybridization canister with 50 ml of a commercial blocking solution
for 2–4 hr. After incubation for 5 min, 90 fmol of each hybridization
probe (renin: 59-TTCCTCAAGAGAATGCCCTCAATCCGAGAAA-
GCCTGAAGG-39; GAPDH: 59-TGCTGGCGCTGACTACGTCGTG-
GAGTCCACTGGCGTCT-39) was added to the solution and incu-
bated for an additional 30 min. The probe solution was removed, and
the membrane was washed twice with 50 ml of 1% sodium dodecyl
sulfate and 13 SSC for 5 min. The membrane was then washed with
50 ml of 100 mM diethanolamine and 1 mMMgCl2, pH 10.0, for 5 min
and incubated with 5 ml of chemiluminescent substrate 2-o-spiro-
adamantane-4-methoxy-4-[3–29-phosphoryloxy]phenyl-1,2-diox-
etone (Tropix, Houston, TX). An autoradiogram of the membrane
was then exposed to radiographic film (Eastman Kodak, Rochester,
NY). Individual bands from the autoradiographs representing renin
and GAPDH cDNA were compared by densitometric assessment.
Each lane from the autoradiograph was scanned with a densitometer
(CS-9000; Shimadzu, Kyoto, Japan). Peak measurements for renin
cDNA were expressed in relationship to GAPDH cDNA measure-
ments.
Construction of the internal control and synthesis of inter-

nal control RNA. A plasmid was prepared for the generation of
internal control RNA by inserting a 103-bp fragment of human
GAPDH cDNA into a portion of the renin gene. The GAPDH frag-
ment was generated by PCR, using a forward primer encoding for an
XhoII restriction site (59-GAGCGAGATCCCTCCAAAATCAAGT-
GGG-39, nucleotides 235–262) and a reverse primer with an addi-
tional XhoII restriction site (59-CCTTTTGGATCCGCCCTGCAAAT-
GAGGC-39, nucleotides 332–354). This PCR fragment was cleaved
with XhoII and introduced into pGEM-4Z (Promega) containing re-
nin cDNA (nucleotides 1–310). The subsequent construct was di-
gested with EcoRI and SmaI, yielding a 370-bp fragment and then
subcloned into pBluescript vector (Stratagene, San Diego, CA) con-
taining an oligo-d(A) tail inserted at the HindIII site. After digestion
with SalI, the mutREN served as a template for in vitro transcrip-
tion by T7 RNA polymerase to generate control RNA (Promega). The
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resultant mutREN control RNA was quantified by absorbance at 260
nm, and the number of control RNA molecules was calculated using
the molecular weight of the control RNA and Avogadro’s number.
Total RNA (1 mg) from placental explants was spiked with 2 3 107

molecules of mutREN control RNA, and the mixture was reversed
transcribed as described above. Seven serial dilutions of 5 ml of the
cDNA mixture were used for PCR. PCR was performed at a final
concentration of 13 PCR buffer [2.5 mMMgCl2, 100 mM concentration
of dNTPs, 50 pmol of each the renin cDNA primers (forward, 59-
GATGGATGGAGAAGGATG-39; reverse, 59-AATCTCGCCATAG-
TACTG), 1 3 106 cpm of 32P-end-labeled primer, and 2.5 units of Taq
polymerase]. The DNAs were separated on a 4% NuSieve/agarose
(3:1) gel and revealed 267- and 370-bp products for the wild-type
renin and mutREN, respectively. Specific radioactive bands were
quantified on a PhosphoImager (Molecular Dynamics, Sunnyvale,
CA) after transfer of emitted radioactivity to a phosphor plate. Be-
cause the reaction rates of mutREN control RNA and placental
mRNA are identical within the exponential phase of the PCR, this
protocol permitted the construction of a standard curve for mutREN
and extrapolation of renin mRNA molecules in placental samples.
The data shown indicate the number of renin mRNA molecules
present in 100 ng of total RNA. Four to six RNA isolations and
RT-PCR assays were conducted for each control and treatment
value.
Materials. Terbutaline, actinomycin D, cycloheximide, ampicil-

lin, and gentamicin were purchased from Sigma Chemical (St. Louis,
MO). Dobutamine HCl was a gift from Eli Lilly (Indianapolis, IN).
Avian myeloblastosis virus reverse transcriptase, oligo(dT) primers,
oligonucleotide labeling and detection system, and RNase inhibitor
were purchased from Promega. Taq polymerase was purchased from
Perkin-Elmer Cetus (Norwalk, CT).
Statistical analysis. Unless specified otherwise, data are pre-

sented as mean 6 standard error. For concentration-response and
time course experiments, a minimum of four placentas, with a min-
imum of six replicates from each, were used. Statistical analyses
included paired Student’s t test and an analysis of variance for
repeated measures with Dunnett’s multiple-comparison test to de-
termine differences between groups. Differences were considered
statistically significant when p , 0.05.

Results
Effects of terbutaline and dobutamine on prorenin

secretion. To examine the effect of b-adrenoceptor activa-
tion on prorenin secretion, placental explants were incubated
in the presence of dobutamine, a selective agonist of b1-
adrenoceptors, and terbutaline, a selective agonist for b2-
adrenoceptors. The concentration-response effect of these
b-agonists on placental explant prorenin content and release
was evaluated after 24 hr of incubation. Stimulation of pro-
renin release was observed with both b-agonists in a concen-
tration-dependent fashion (Fig. 1, top). The maximal re-
sponse to dobutamine exceeded that of terbutaline by
.100%. The EC50 values for dobutamine and terbutaline
were 10.8 6 0.8 and 28.3 6 1.3 mM, respectively. The corre-
sponding tissue concentrations of prorenin were also in-
creased in response to the b agonists and reflected the re-
sponses observed in the medium (Fig. 1, bottom). Maximal
tissue prorenin concentrations in explants incubated with
dobutamine and terbutaline were 17.1 6 2.0 and 6.1 6 0.4
munits/mg of protein, respectively, representing ;10% of the
values measured in the medium.
The stimulatory effects of b-adrenoceptor activation on

placental prorenin were also studied as a function of incuba-
tion time (Fig. 2, top). Placental explants were incubated in

the presence or absence of b-adrenoceptor agonists (100 mM)
with medium and tissue collected at various times. Prorenin
concentrations in the medium of control explants reached
9.6 6 0.6 munits/mg of protein at 24 hr. Significant increases
in medium prorenin concentrations were observed in ex-
plants incubated with b-adrenergic agonists only after 12 hr
of incubation. The peak values for medium prorenin in re-

Fig. 1. Concentration-response effects of b-adrenoceptor activation
on placental explant prorenin. Top, effects of dobutamine and terbutal-
ine on medium concentrations of prorenin as determined after 24 hr of
incubation. Media prorenin concentrations from control explants were
12.3 6 1.8 munits/mg of protein. Bottom, placental explant tissue
concentrations of prorenin after 24 hr of incubation with dobutamine or
terbutaline. The tissue concentration of prorenin in nonincubated tissue
was 3.2 6 0.3 munits/mg of protein. Values represent mean 6 standard
error of six replicates from four individual placentas.
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sponse to dobutamine and terbutaline (172 6 15 and 73.8 6
8.2 munits/mg of protein, respectively) occurred after 24 hr of
incubation. Tissue prorenin concentrations in control ex-
plants remained unchanged throughout the incubation pe-
riod and were similar to those measured in nonincubated
tissues (3.2 6 0.3 munits/mg of protein) despite an increase in
the release of prorenin (Fig. 2, bottom). In general, the tissue
prorenin content in the presence of the b-adrenergic agonists
was increased, with the amount released being ;10–20% of
the medium prorenin values.
Metabolic inhibitor effects on b-adrenoceptor acti-

vation-mediated prorenin synthesis and secretion. To
examine the cellular mechanisms responsible for placental
explant prorenin secretion in response to b-adrenoceptor ac-
tivation, we used metabolic inhibitors (Table 1). Cyclohexi-
mide, which inhibits translational activity, was used to de-
termine whether protein synthesis is necessary for the
prorenin secretory response, whereas renin gene transcrip-
tional activity was evaluated using actinomycin D, which
intercalates into DNA indirectly inhibiting RNA polymerase.
The effects of these inhibitors were measured after 24 hr of
incubation. A concentration-dependent inhibition of the b-ad-
renergic agonist-induced increased prorenin secretion and
tissue content was observed with both cycloheximide and
actinomycin D.
Semiquantitative assessment of renin mRNA. The

relative degree of renin gene expression after b-adrenoceptor
activation was assessed by determining renin mRNA using
semiquantitative and quantitative methods. Renin mRNA
was semiquantitatively assessed using RT-PCR protocols de-
signed for coamplification of renin cDNA with that of
GAPDH. The relative amounts of renin and GAPDH cDNA
were determined from Southern blot analysis.
The concentration-response effect of b-adrenoceptor acti-

vation of placental renin mRNA expression was evaluated
(Fig. 3, top). The staining intensity of the bands correspond-
ing to renin cDNA was greater in response to increasing
concentrations of dobutamine. Southern blot analysis of re-
nin and GAPDH cDNA from human placental explants incu-
bated with dobutamine and terbutaline was evaluated for
concentration-response relationships. There was little
change in signal intensity for the target cDNA with concen-
trations of dobutamine of ,10 mM. Renin mRNA relative to

Fig. 2. Time course of effects of b-adrenoceptor activation on placen-
tal explant prorenin. Top, media prorenin concentrations in response to
incubation with 100 mM dobutamine or terbutaline relative to controls as
measured at 6-hr intervals. Bottom, tissue concentrations of prorenin
after incubation with 100 mM dobutamine or terbutaline. Values repre-
sent mean 6 standard error of six replicates from four individual pla-
centas.

TABLE 1
Effect of cycloheximide and actinomycin D on placental prorenin
Explants were incubated with cycloheximide or actinomycin D for 2 hr before the addition of terbutaline or dobutamine. Prorenin concentrations determined after
explants were incubated for 24 hr. Results are the mean 6 standard error of five experiments, each of which was replicated six times.

Prorenin concentration (munits/mg of protein)

Cycloheximide Actinomycin D

1 mM 10 mM 1 mM 10 mM

Control
Medium 10.8 6 1.1 8.7 6 0.5 1.2 6 0.3a 5.4 6 0.5a 1.0 6 0.2a

Tissue 3.8 6 0.5 2.9 6 0.4 0.4 6 0.1a 2.0 6 0.4a 0.4 6 0.1a

Terbutaline 100 mM

Medium 63.5 6 5.7 41.2 6 5.1a 13.4 6 1.3a 22.1 6 2.5a 3.5 6 0.5a

Tissue 9.2 6 1.1 5.3 6 0.5a 2.4 6 0.4a 6.8 6 2.0a 0.4 6 0.1a

Dobutamine 100 mM

Medium 182 6 21 135 6 18a 22.5 6 4.8a 25.8 6 4.1a 6.8 6 1.3a

Tissue 15.6 6 2.1 12.9 6 1.8a 4.3 6 0.8a 4.6 6 0.9a 1.1 6 0.3a

a Different from value in the absence of inhibitor as determined by analysis of variance, p , 0.05.
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GAPDH increased with higher concentrations of b-adreno-
ceptor agonist (Fig. 3, bottom).
Establishment of quantitative PCR for renin mRNA.

The synthesis of internal control RNA (mutREN) was de-
signed according to method of Wang (23) with modifications
allowing the incorporation of GAPDH cDNA to distinguish
the PCR products from those of the target mRNA. To deter-
mine the proper conditions for quantitative PCR, a number of
parameters were tested. We examined various amplification
cycles conducted with 2 3 107 molecules of control RNA and
1 mg of total RNA from placenta. The radioactivity incorpo-
rated into the PCR products was determined at sequential
cycles (Fig. 4). It was demonstrated that the PCR remained
in exponential phase through 26 cycles followed by a plateau
in incremental amplification of the PCR products. Similarly,
we also measured the incorporation of primers into ampli-
cons generated from PCRs using various concentrations of
unlabeled primers. Optimal incorporation was observed
when 50 pmol of each primer was used. Various PCR buffers
were used, and the optimal amplification occurred using 2.5
mM final MgCl2 concentration. PCRs were conducted using
various annealing temperatures and times, with 56° and 1
min being determined as optimal. The PCR assay was re-
peated using the same aliquots of RNA, which yielded an
interassay variability of 4.5% (nine experiments).
Amplification was carried out with known concentrations

of mutREN control RNA and total RNA, and the signal in-
tensities of the representative PCR products were deter-
mined (Fig. 5A). To verify that the PCR amplicons repre-
sented mutREN and native renin cDNA, PCR was conducted
with unlabeled primers and Southern hybridization was per-
formed with a renin probe. The results demonstrated signals
that paralleled the intensity of the amplicons corresponding

to the control RNA and target mRNA (Fig. 5B). Serial dilu-
tions of template were used to generate linear regression
equations from each curve (Fig. 5C). By using this procedure,
numerical values of specific renin control RNA per unit of
total RNA could be obtained for each tissue sample.
Quantification of placental explant renin mRNA.

Placental explant renin mRNA were quantified before and

Fig. 4. Linearity of the PCR-amplification products of renin cDNA and
mutREN relative to number of PCR cycles. Placental total RNA (1 mg)
and 2 3 107 molecules of control RNA were reverse transcribed and
used for sequential PCR amplification. Radioactivity of PCR products
was assessed with a Molecular Dynamics PhosphoImager.

Fig. 3. Concentration-response
effects of dobutamine and ter-
butaline on renin gene mRNA lev-
els and prorenin medium concen-
trations. Top, representative
Southern blot of renin and GAPDH
cDNA for untreated control ex-
plants (C) and those treated with
dobutamine or terbutaline (1–
1000 mM) after 24 hr of incubation.
Each analysis represents the
pooling of six individual explants
from the same tissue. Bottom,
densitometry measurements of
renin cDNA relative to GAPDH
cDNA (relative densitometry units)
are depicted with corresponding
medium prorenin values.

Placental Prorenin Synthesis and Secretion 205

 by guest on D
ecem

ber 1, 2012
m

olpharm
.aspetjournals.org

D
ow

nloaded from
 

http://molpharm.aspetjournals.org/


after incubation with dobutamine and terbutaline (Table 2).
Renin mRNA values were increased after 6 hr of incubation,
remained elevated after 24 hr, and were greater with dobut-
amine incubation. Measurements after 48 hr of incubation
were in general near or below control levels. Tissues that
were treated with 10 mM actinomycin D did not demonstrate
increased renin mRNA in response to b-adrenoceptor ago-
nists. Similar experiments conducted with 10 mM cyclohexi-
mide had no effect on the enhanced renin mRNA observed
with dobutamine or terbutaline treatment.

Discussion
Several extrarenal RASs have been described in which the

regulation of prorenin synthesis differs from that found in
the kidney (24). Evidence suggests that receptor-coupled
cAMP accumulation in placental tissue is involved in prore-
nin secretion (7). A regulatory role of b-adrenoceptors in
prorenin synthesis and secretion is supported by the abun-
dance of b1- and b2-adrenoceptors in villous placenta (25, 26)

and by the discovery that activation of these sites modifies
placental hormone secretion (27).
Previous studies have shown that placental prorenin se-

cretion is enhanced by b-adrenoceptor activation through
cAMP and cAMP-dependent kinase-mediated phosphoryla-
tion events (28). Among the possible mechanisms responsible
for enhanced renin secretion in placental tissue is the release
of stored prorenin in response to b-adrenoceptor activation,
such as occurs in the kidney. Because the constitutive release
of prorenin from villous placenta is very low, the release of a
stored form of prorenin by a regulated pathway is plausible.
However, storage granules containing prorenin or renin have
not been identified in placenta. Furthermore, the relatively
low concentrations of prorenin in villous placental tissue do
not support this concept.
Several lines of evidence from the current study support

the notion that enhanced prorenin secretion induced by b-ad-
renoceptor activation in the placenta is primarily due to an
increased synthesis rather than mobilization from storage
granules, as seen in the kidney. First, the earliest effect of
b-adrenoceptor agonist on prorenin secretion was not ob-
served until after 6 hr of incubation. Second, increased pro-
renin concentration in both medium and tissue was observed
after stimulation with that in the corresponding explants
representing only 10% of that in the medium, thus indicating
that the prorenin secreted and that found in the tissues are
dependent on newly synthesized protein. Third, prorenin
secretion and tissue content resulting from b-adrenoceptor
activation were markedly attenuated by cycloheximide, an
inhibitor of prorenin synthesis, providing further evidence
that newly synthesized prorenin is responsible for enhanced
secretion. In addition, the prorenin released into the incuba-
tion medium during b-adrenoceptor activation far exceeds
the amount found in control and freshly prepared tissues.
In the current study, RT-PCR was used to evaluate renin

mRNA levels in response to b-adrenoceptor activation. The
amplification was validated by monitoring the PCR products
of mRNA for the GAPDH gene or the mRNA transcribed in
vitro from a mutant renin cDNA. Both of these techniques
have been used successfully to study b-adrenoceptor activa-
tion-associated gene transcription events and to evaluate
renin mRNA levels in a number of tissues (29, 30). Activation

Fig. 5. Quantitative analysis of renin mRNA in placental explants. A,
Ethidium bromide staining of PCR products separated on a 4%
NuSieve/agarose (3:1) gel. Lanes 1–7, renin PCR products from serial
1:2 dilutions of a mixture containing 900 ng of total RNA and 2 3 106

molecules of mutREN control RNA after amplification for 25 cycles.
Lane 8, control reaction without template and amplified for 25 cycles.
The 267 bp of renin cDNA and 380 bp of mutREN are indicated. B,
Characterization of the RT-PCR products by Southern analysis. Hybrid-
ization with renin probe, which is common to amplicons corresponding
to renin cDNA and mutREN cDNA. C, Radioactivity from the bands in A
were assessed with a Molecular Dynamics PhosphoImager. The vari-
able template concentrations of the internal standard mutREN and
placental total RNA were plotted against the radioactivity of their re-
spective PCR products.

TABLE 2
Effects of b-adrenoceptor activation on renin mRNA in placental
explants
Results are mean 6 standard error. Three to six different experiments were
conducted for each treatment from a minimum of three placentas to express renin
mRNA levels by quantitative PCR.

Renin mRNA (3 105) molecules/100 ng of total RNA

Incubation time 6 hr 24 hr 48 hr

Control 0.5 6 0.1 0.4 6 0.1 0.2 6 0.5
Terbutaline 10 mM 0.8 6 0.2a 0.7 6 0.2a 0.4 6 0.6
Terbutaline 100 mM 1.7 6 0.2a 1.6 6 0.2a 0.6 6 0.4

1 Cycloheximide 10 mM 1.7 6 0.3 2.1 6 0.2a 0.8 6 0.3
1 Actinomycin D 10 mM 0.3 6 0.1b 0.3 6 0.1b 0.3 6 0.3

Dobutamine 10 mM 2.6 6 0.7a 2.4 6 0.2a 0.2 6 0.3
Dobutamine 100 mM 4.3 6 0.8a 4.2 6 0.2a 1.8 6 0.8

1 Cycloheximide 10 mM 4.6 6 0.8a 4.4 6 0.8a 1.6 6 0.5
1 Actinomycin D 10 mM 0.7 6 0.1a 0.4 6 0.1a 0.2 6 0.5
a Significantly different from control values.
b Significantly different from corresponding treatment without cycloheximide

or actinomycin D.
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of villous placental b-adrenoceptors increased renin mRNA
levels after 6 hr and preceded increases in prorenin tissue
content and secretion. It was demonstrated that activation of
b1-adrenoceptors produced a greater effect than that of b2-
adrenoceptors, which is consistent with the pattern of prore-
nin synthesis and secretion observed here and in earlier
studies (7). The selectivity of these responses is likely the
result of the relative distribution of b-adrenoceptor subtypes
in placental tissue (65% and 35% for b1 and b2, respectively)
(26). The association of renin mRNA levels and enhanced
prorenin secretion contrasts with observations in kidney tis-
sue, in which elevated renin mRNA levels after b-adrenocep-
tor activation are not observed until well after the secretion
of prorenin has occurred (31). It has been hypothesized that
an increased level of transcription activity is necessary to
replenish the depleted renal stores of the peptide (31). Al-
though little stored prorenin is found in the villous placenta
and no immediate secretory response occurs in response to
b-adrenoceptor activation, the time necessary for increased
renin mRNA in response to the b-adrenoceptor stimulation is
similar to that found in kidney.
The enhancement of renin mRNA levels by b-adrenoceptor

activation was unaffected by cycloheximide, suggesting that
these transcription events are independent of protein synthe-
sis and thus cannot account for the delay in prorenin secre-
tion. In addition, the increased prorenin secretion occurred at
a much greater magnitude than the enhancement of renin
mRNA, indicating that the increased prorenin mRNA level is
not the only factor responsible for enhanced secretion during
b-adrenoceptor activation. This feature is not surprising
given the complexity of renin gene regulation and protein
processing, as has been found with respect to other proteins
and their regulation (32). Furthermore, classic gene tran-
scription-mediated events by the CRE/CREM system are
more rapid than the 6–12-hr delay observed in kidney and
placenta (33). The time course of enhanced prorenin synthe-
sis is closely related to the increase in the level of mRNA
encoding this polypeptide during b-adrenoceptor activation.
It has been reported that cAMP-stimulated gene expression
in chorionic cells is primarily due to increased renin gene
transcription (8). In contrast, a study of juxtaglomerular
granular cells demonstrated that cAMP selectively increased
the stability of renin mRNA (12). Further evidence has sug-
gested that the regulatory mechanisms for renin mRNA by
cAMP in a pulmonary carcinoma cell line are independent of
the classic CRE/CREB pathway and that post-transcrip-
tional regulation may be mediated through a protein factor
(13). Also, cAMP has been shown to enhance the binding of
nuclear factors to promoter elements in human embryonic
kidney 293 cells, thus regulating renin gene transcription
(34). These apparent discrepancies may be related to the
differences in cell types and transfection systems that were
used in the studies. In this investigation, we have shown that
renin mRNA levels are similar at 6 hr to those at 24 hr of
b-adrenoceptor activation. This finding suggests that the
effect of cAMP on renin gene expression is phase dependent
in placental explants in that the transcription rate is higher
than degradation during the first 6 hr of incubation and
thereafter the rates are similar. Conclusive evidence sup-
porting the alternative mechanisms of cAMP effects on renin
mRNA cannot be drawn from these studies and requires
further attention.

The pharmacological responses to b-adrenoceptor activa-
tion and cAMP-mediated prorenin synthesis and secretion in
villous placenta differ from responses observed in other tis-
sues. The results indicate that in vitro activation of villous
placental b-adrenoceptors by selective b1- and b2-adrenocep-
tor agonists increases prorenin secretion in a time- and con-
centration-dependent manner. This contrasts with the kid-
ney, in which such responses are observed only with b1-
adrenoceptor agonists (35). In addition, chorion cell culture
preparations resulted in a 2-fold increase in prorenin release
via activation of adenylate cyclase by forskolin (8). This dif-
fers in the magnitude of the response observed in this study
and may be the result of variations in cAMP generation
under these experimental conditions, influences of various
cell types that exist in the explant preparation, and the
consideration that additional cell types other than tropho-
blast may secrete prorenin on adrenoceptor activation.
The effects of b-adrenoceptor activation on prorenin syn-

thesis may have additional importance in other tissues with
local RASs. The unique limitation of higher angiotensin con-
centrations to the these tissues may enable regulation of
cellular functions, including the inhibition of renin synthesis
similar to renal negative-feedback mechanisms (36, 37). It
should also be considered that the cAMP-mediated effects on
the placental RAS regulation may not be limited to the effects
on renin gene expression because the angiotensin II AT1
receptor mRNA levels are decreased in response to adenylate
cyclase stimulation in some tissues (38). The relationship
between the renin and AT1 gene transcription rates and
overall activity of the placental RAS as a result of b-adreno-
ceptor activation has not been studied.
The responses examined here likely represent a component

of a larger scale of regulatory phenomena that influence the
placental RAS. Because prorenin may catalyze angiotensin I
formation under some conditions (39), an understanding of
its regulation may provide insight into the functions of a local
RAS in reproductive biology. Regulation of prorenin synthe-
sis by catecholamine activation of b-adrenoceptors may serve
as a mechanism to influence these processes.
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