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Abstract

Functional studies indicate that atrial natriuretic peptide
(ANP), a member of the natriuretic peptide family, has direct
effects on cardiac muscle cells. However, conventional ligand-
binding studies designed to establish the presence of natriuretic
peptide-binding sites in the heart have yielded conflicting re-
sults. There are discrepancies also between the latter and the
receptor distribution predicted from the pattern of the mRNA
transcripts localized by in situ hybridization. Here we have em-
ployed the technique ofcDNA amplification with the polymer-
ase chain reaction to confirm the presence of natriuretic peptide
A, B, and C receptor mRNAs in rat and human cardiac tissue.
In the rat heart, the distribution of the A and B receptor tran-
scripts appears to be relatively homogeneous; in contrast, the C
type mRNA is concentrated principally in the atria, with no
difference between the left and right sides of the heart. A and B
receptor DNA products were obtained after amplification of
left, but not right, ventricular cDNA from the heart of a 16-yr-
old male with cystic fibrosis; the yield of C receptor DNA was
similar for both ventricles. If these mRNA transcripts are
translated into functional receptors in the rat and human heart,
ANP and the other natriuretic peptides may have direct effects
on cardiac function, including regulation of natriuretic peptide
release via a short feedback loop, modulation of contractility of
the heart, or activation of cardiac reflexes. (J. Clin. Invest.
1992. 90:1966-1971.) Key words: atrial natriuretic peptide .
guanylyl cyclase * cardiac receptors * polymerase chain reaction

Introduction

The natriuretic peptides are a family of cyclic molecules that
can be divided broadly into three groups: the atrial natriuretic
peptides (ANP)' (1), the brain natriuretic peptides (BNP or
iso-ANF) (2-4), and the C-type natriuretic peptides (CNP)
(5). ANP was the first to be discovered, and its pharmacologi-
cal and biochemical effects have been characterized most exten-
sively ( 1, 6). It is a 28-residue peptide that is synthesized pre-
dominantly in the cardiac atria and then released into the cir-

1. Abbreviations used in this paper: ANP, atrial natriuretic peptide;
BNP, brain natriuretic peptide; CNP, C-type natnuretic peptide;
cGMP, cyclic GMP; PCR, polymerase chain reaction.
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culation to act on specific cell surface receptors (7-16), some
of which may transduce its effects ( 17 ).

Three subtypes of natriuretic peptide receptor have now
been defined by cDNA sequencing. The A and B subtypes con-
tain a domain having guanylyl cyclase activity ( 10-16 ), which
in the case of the A receptor, appears to mediate many of the
effects of ANP and BNP ( 17). CNP differs from these two
peptides in lacking the carboxy-terminal tail beyond the 17-
amino acid loop (5) and is a potent and selective activator of
the B receptor, with little effect on cyclic GMP (cGMP) levels
in cells expressing the A receptor ( 15). Bennett and colleagues
( 16) have extended these studies by producing extracellular
domain-IgG fusion proteins for the three human receptor sub-
types to measure the binding characteristics ofANP, BNP, and
CNP. ANP had the highest affinity for the A and C receptors,
but CNP was the most potent competitor for the B receptor.
This rank order of potency correlated well with the capacity of
the ligands to activate the A and B guanylyl cyclases. ANP may
also activate the phosphoinositide second messenger system ( 1,
18). However, it is unclear whether all natriuretic peptide re-
ceptors have the capacity for signal transduction by this means.
Hirata and colleagues ( 19) have demonstrated an increase in
inositol phosphate turnover, which they believe is mediated by
the C receptor, while Berl and coworkers (20) have shown that
ANP increases phospholipase C and inositol trisphosphate in
cultured RMICT cells, which apparently do not express C re-
ceptors (21 ).

The natriuretic peptide C type receptor has only a short
intracellular tail (7-9) and probably no intrinsic capacity to
generate GMP, although it may be involved in the clearance of
ANP ( 18) and the modulation ofadenylyl cyclase activity via a
Gi protein ( 1, 22-26), in addition to the alteration of phos-
phoinositide metabolism. Indeed, recent studies demonstrate
that the C receptor has biological activity: the antimitogenic
effect of atrial peptides may be mediated by this receptor inde-
pendently of changes in cGMP levels (27) and the specific C
receptor ligand, C-ANP423 (des{ Gln ",Ser9 ,Gly20,Leu21,
Gly22 }-ANP423), affects neurotransmission in the rabbit vas
deferens (28). The complexity ofthe natriuretic peptide recep-
tor system is increased further by the possibility that signal
transducing-binding sites may exist in vivo as large macromo-
lecular complexes (29-31), perhaps containing varying pro-
portions ofone or both ofthe guanylyl cyclase subtypes and the
C receptor (C-ANP423 acts as a partial agonist when applied to
cultured rat aortic vascular smooth muscle cells by increasing
the synthesis ofcGMP and antagonizing the effect ofANP on
cGMP production in a dose-dependent manner; reference 32).

The highest concentrations ofANP and BNP are found in
the heart (1, 33), where pharmacological and biochemical
studies have suggested the existence of natriuretic peptide re-
ceptors ( 1, 23, 34-39). However, the interpretation of these
data has been complicated by the conflicting results obtained
with [12511 ANP to demonstrate specific cardiac-binding sites
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(37, 40-47), even though the latter are easily detectable in
many tissues by autoradiographical and ligand-binding tech-
niques (48).

The cloning and sequencing of the natriuretic peptide re-
ceptor cDNAs has made it possible to reexamine the question
of the presence ofthese receptors in the heart using techniques
that focus on the expression oftheir mRNAs rather than on the
binding of radioiodinated ligands. Wilcox and colleagues (49)
have employed in situ hybridization to determine the localiza-
tion of the three natriuretic peptide receptor mRNAs in a ma-
caque monkey. In our studies, we also have adopted an ap-
proach that focuses on the expression of the receptor mRNAs.
In our experience, Northern blotting has been insufficiently
sensitive to detect reliably the receptor mRNAs, and therefore,
we have used cDNA amplification with the polymerase chain
reaction (PCR) (50) to investigate the expression of the tran-
scripts for the different subtypes of natriuretic receptor.

Methods

Tissues. The hearts were obtained from adult male Porton Wister rats
(weighing - 300 g). Right and left atrial appendages and blocks of left
and right ventricle from 10 animals were pooled for isolation ofRNA.
The kidneys were also removed for RNA extraction.

Recipient left and right ventricular tissue was obtained at the time
of heart-lung transplantation from a 16-yr-old male with cystic
fibrosis.

cDNA amplification. Total RNA was extracted using a modified
guanidinium isothiocyanate method and treated with RNAase-free
DNAase (40 U for 1 h at 370C; Pharmacia Inc., Piscataway, NJ). 50 ztg
of total RNA were reverse transcribed using oligo-dT or 12-mer ran-
domers ( 10 gM) as previously described (51). One twentieth of the
cDNA was amplified by the PCR for 30-40 cycles (930C, 20 s; 550C 30
s; 730C 1 min; final extension: 730C, 10 min) using pairs ofoligodeox-
ynucleotide primers specific for each of the three receptor subtypes ( 1
MM each primer), 2 U ofTaq DNA polymerase (Promega or Cambio,
Cambridge, UK), 200 gM deoxynucleotides in the supplier's buffer
containing 10 mM Tris HCI pH 8.3, 50 mM KCl, 1.5 mM MgCl2,
0.01% gelatin, as well as unspecified detergents. The receptor primers
were designed from published sequences (7, 10, 14) to permit the dif-
ferentiation by size of the PCR products derived from each natriuretic
peptide receptor subtype cDNA (451 bp for the A, 692 bp for the B and
- 573 bp for the C subtype). In some experiments, forward and re-
verse primers (1 MM) specific for fl-actin cDNA (816 bp from cDNA;
52, 53) were included to permit coamplification of j-actin and natri-
uretic peptide receptor cDNAs, we have used this as a simple but ap-
proximate marker for variation in the efficiency of RNA extraction,
reverse transcription, and cDNA amplification.

Oligodeoxynucleotides used for PCR amplification. A receptor
(from rat sequence; reference 10): forward: 5'-AAGAGCCTGA-
TAATCCTGAGTACT; reverse: 5'-TTGCAGGCTGGGTCCTCAT-
TGTCA. B receptor (from rat sequence; reference 14): forward:
5'-AACGGGCGCATTGTGTATATCTGCGGC; reverse: 5'-TTAT-
CACAGGATGGGTCGTCCAAGTCA. C receptor (from bovine
sequence; reference 7): forward: 5'-ATCGTGCGCCACATCCAGGC-
CAGT; reverse: 5'-TCCAAAGTAATCACCAATAACCTCCTGGG-
TACCCGC. f3-actin (rat/human consensus sequences; references 52,
53) forward: 5'-CACCTTCTACAATGAGCTGCGTGTGGC; re-
verse: 5'-TGTTTGCTGATCCACATCTGCTGGAAGGTGGA.

Southern analysis. After amplification and separation by electro-
phoresis through a 1.8% agarose gel, the PCR products were denatured,
blotted onto Hybond-N membranes (Amersham International, Amer-
sham, UK), and hybridized overnight at 37-420C in a solution con-
taining 5x SSPE (0.9 M NaCl; 0.05 M sodium phosphate, pH 7.7; and
0.005 M EDTA), 50% formamide, 0.5% SDS, 5x Denhardt's solution
(1 g BSA, 1 g Ficoll 400, and 1 g polyvinyl pyrrolidone/ 1000 ml), 250

Ag/ml denatured herring sperm DNA, and 2.5-25 pmol/25 ml of
labeled oligonucleotides complementary to sequences within the
cDNAs flanked by the PCR primers (A receptor probe: 5'-TGACA-
CAGCCATTAGCTCCTGGGAAGT; B receptor probe: 5'-GAT-
ATCTTCGTCCCTGCATCTTTTCCAC; C receptor probe (consen-
sus sequence; see below): 5'-GGCATCTATGGAGACCTGCC-
CGGCGATACCTTC). These probes were designed to exhibit mini-
mal cross-receptor hybridization. They were labeled at the 3' end with
terminal transferase and digoxigenin-dUTP (Boehringer Mannheim,
Mannheim, FRG) (54). After stringent washing (down to 20mM Na'
+ 0.1% SDS at 37-420C), the membranes were processed for localiza-
tion of digoxigenin.

To detect the digoxigenin-labeled oligomers, after washing, the
membrane was incubated for 30 min at room temperature with a 0.5%
solution of blocking agent (Boehringer Mannheim) in buffer 1 (100
mM Tris HCI pH 7.4, 150 mM NaCl), and then, for 30 min at room
temperature, in the same solution containing 1:5000 dilution ofa poly-
clonal antidigoxigenin sheep antibody Fab fragment conjugated to al-
kaline phosphatase (Boehringer Mannheim). The membrane was
washed in buffer 1 for 30 min at room temperature with one change of
solution, and then equilibrated in buffer 3 (100 mM Tris HCl, pH 9.5;
100 mM NaCl, 5 mM MgCl2) for 2 min. Alkaline phosphatase activity
was localized by incubating the membrane at room temperature or
370C with the substrates nitroblue tetrazolium (340 Mg/ml ofbuffer 3)
and 5-bromo-4-chloro-3-indolyl phosphate ( 170 Ag/ml of buffer 3) to
produce an insoluble purple/brown precipitate. When a suitable signal
was obtained, the membrane was transferred into 10mM Tris HCl pH
7.4, 1 mM EDTA buffer to stop the enzymatic reaction.

DNA sequencing ofthe rat C receptorPCR products. The amplifica-
tion products obtained using rat kidney cDNA and C receptor primers
were separated by electrophoresis. A major DNA band of the size pre-
dicted from the position of the primers along the bovine C receptor
cDNA sequence was extracted from the agarose gel using glassmilk
(Geneclean; BIO 101 Inc., Vista, CA) as directed by the supplier and
was digested with the restriction enzyme, Kpn 1 (Bethesda Research
Laboratories, Gaithersburg, MD). This endonuclease recognizes a spe-
cific cleavage site only within the downstream reverse primer. The di-
gested DNA was ligated to Kpn 1-linearized Bluescribe vector (Strata-
gene, La Jolla, CA) using 2.5 U of T4 DNA ligase (Bethesda Research
Laboratories) to form a linear construct. After phenol/chloroform pu-
rification, the construct was blunt-ended with 1.5 U of T4 DNA poly-
merase to fill in overhangs produced either by incomplete extension
during amplification or the 3' terminal transferase activity ofTaq DNA
polymerase (55). The constructs were circularized with 2.5 U of T4
DNA ligase and introduced into TG1 cells made competent with CaCl2
(56). DNA from white colonies was purified and sequenced by the
dideoxy chain-termination method (57) using Sequenase (US Bio-
chemical Corp., Cleveland, OH). The sequences obtained were ana-
lyzed using University of Wisconsin programs (58).

Results and Discussion
This study was designed to circumvent the problems of detect-
ing binding sites for ['25IANP in cardiac tissues by focusing on
the distribution of the mRNAs coding for the natriuretic pep-
tide A, B, and C receptors.

Amplification of rat kidney cDNA with primers comple-
mentary to the bovine C receptor cDNA sequence yielded a
major product similar in size to that predicted from the posi-
tions of the primers along the bovine receptor cDNA (results
not shown). After cloning into Bluescribe vector, this DNA
was sequenced to confirm the origin of the PCR product and
also to enable the synthesis of an oligomer probe that would
detect amplified rat C receptor cDNAs on Southern blots. In
the 87-bp sequence of the amplified rat DNA shown in Fig. 1,
there is 86% similarity with both bovine (7) and human (8, 9)
C receptor cDNAs. The C receptor probe used for Southern
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Rat TTTGAAGGTA TCGCCGGGCA GGTGTCCATA GATGCTAATG GGGACGGGTA Figure 1. Partial sequence of the rat
Bovine - t--t----- ---c------ -----c--c- -a--- c---- natriuretic peptide C receptor
Human ------- ---------- ---------- -----c--c- -a---c-a-- cDNA. After amplification of rat

A A kidney cDNA using primers de-
signed from the bovine C receptor

Antisense probe for Southern analysis cDNA sequence, a PCR product
was obtained of the size predicted
from the positions of the primers
along this cDNA sequence. After

Rat TGGAGACTTC TCTGTGGTTG CCATGACTGA TACAGAA size fractionation, this amplified
Bovine ---g--t--- ------a-c- ---------- c------ DNA was extracted and cloned into
Human ---g --- ------a--- ---------- -gtg--g Bluescribe vector for sequencing by

the dideoxy chain-termination
method. A portion of the sequence obtained for the rat C receptor cDNA has been aligned with the matching regions of the bovine and human
C receptor cDNAs to highlight the high degree of sequence similarity in this area (86 and 87% similarity with bovine and human cDNAs re-
spectively) and to show the position of the antisense oligomer probe employed for the Southern analyses.

analysis is flanked by the PCR primers and its position is indi-
cated.

After electrophoresis of the PCR products obtained using
rat heart and human ventricular cDNAs and A, B, and C recep-
tor PCR primer pairs, DNA bands were visible of the sizes
predicted from the published receptor cDNA sequences (Figs.
2 and 3). The rat DNA bands hybridized with the A, B, and C
receptor probes, respectively, under stringent conditions.

At the time these studies were designed, the organization of
the genes encoding these receptors was unknown. Thus, ampli-
fication of genomic DNA contaminating the extracted RNA
could not be excluded by designing primers that flank intronic
DNA. However, Fig. 2 shows that the presence of the A-, B-,
and C-specific amplification products depends on prior reverse
transcription ofthe RNA and is not affected by pretreatment of
the RNA with DNAase. In the case of the A type PCR prod-
ucts, we have observed a larger band that is derived from geno-
mic DNA (59) when the RNA was reversed transcribed and
amplified without prior DNAase treatment (unpublished
data). When rat and human genomic DNA are amplified with
B and C receptor primers, we have been unable to detect PCR
products that hybridize with the specific receptor probes (re-
sults not shown), suggesting either that these primers flank
large amounts of intronic DNA or that they span intron / exon
boundaries. If the rat and human C receptor genes share the
same organization as the bovine gene (60), our primers would
flank long introns.

Figs. 2 and 4 show that different amounts of specific prod-
ucts were obtained for each of the receptor types after amplifi-
cation of atrial and ventricular cDNAs from the rat. Accurate
comparisons cannot be made of the prevalence of each recep-
tor mRNA, since we have not fully validated this technique as a
method for assaying mRNA transcripts. However, the overall
impression was that there were no major regional differences in
the quantities of the A and B receptor bands obtained after
PCR. In contrast, the amount ofthe C receptor product ampli-
fied from the atria was greater than that from the ventricles
(Fig. 2). This was confirmed by amplifying the cDNAs to dif-
ferent extents. Fig. 4 shows that the atrial C receptor DNA was
detectable at lower levels of amplification than ventricular
DNA, indicating a greater initial prevalence ofC transcripts in
atrial samples. These differences are unlikely to be due to large
variation in the amounts of cDNAs used for PCR since the
f3-actin +RT lanes show that the yield ofthis DNA is similar for
all cDNA samples. However, it must be emphasized that this
type ofanalysis with fl-actin primers can only be performed on

RNAs that are free of genomic DNA as there are intronless
pseudogenes (61 ) that may give rise to amplified DNA indistin-
guishable from that derived from cDNA.

Fig. 3, which shows the results obtained by amplification of
human ventricular cDNAs from the same heart, suggests that
the prevalence ofC receptor transcripts is similar in both ven-
tricles but that there are differences in A and B receptor mRNA
expression. These ventricular samples were derived from the
heart of a patient with cystic fibrosis in whom right ventricular
pressures would have been greater than those in the left. It is
interesting to speculate the elevation of intracardiac pressure
alters the prevalence of the two guanylyl cyclase receptor sub-
types in human ventricular tissue.

Studies of the effects ofANP on myocardium support our
data by providing evidence for the existence of cardiac natri-
uretic peptide receptors. Despite the conflicting reports of its
actions on cardiac muscle strips in organ-bath experiments ( 1,
39), ANP has been shown to augment the contractile responses
of isolated cardiac myocytes to angiotensin 11(34), possibly by
enhancing the capacity of sarcolemmal sodium channels to
permit the passage of Ca2" ions (35). However, it also appears
to reduce basal levels ofcytosolic free calcium (36). ANP stim-
ulates the production ofcGMP by membrane preparations de-
rived from ventricular myocytes (37), and it may inhibit ade-
nylyl cyclase in cultured myocardial cells ( 1, 18, 23). Further-
more, ANP infusion alters sympathetic renal nerve activity by
a mechanism that overrides the effects of hemodynamic
changes and appears to involve the stimulation ofcardiac affer-
ent fibers (38). Although it has been assumed that mRNAs are
segregated within neuronal cell bodies, recent evidence points
to the presence of oxytocin mRNA within axons (62). There-
fore, we may be detecting natriuretic receptor mRNAs within
the terminal arborizations of cardiac nerves. Our results are
also consistent with the pattern of cardiac uptake of [ I25I ] ANP
administered intravenously to rats (63), although this may
have occurred through mechanisms other than receptor-ligand
binding.

The ability to generate specific PCR products for each of
the three receptor subtypes from rat heart and human ventricu-
lar cDNAs indicates that the RNA samples from which these
cDNAs were derived contain mRNA transcripts for the A, B,
and C receptors. The cloning of part of the B receptor cDNA
from porcine atrial RNA ( 13), the detection of C receptor
mRNA in human fetal heart (8), and some ofthe in situ hybrid-
ization data ofWilcox et al. (49) are consistent with our results.
Although the study of receptor mRNA expression by cDNA
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- J- &w -- - Figure 3. The PCR products obtained after amplification of human
ventricular cDNAs with the natriuretic peptide receptor primers. The

U" a PCR was employed to amplify human right and left ventricular
RT + - + - + - + - cDNA derived from the heart ofa 16-yr-old male who had undergone

cardiac transplantation for cystic fibrosis. Amplification products
mplification of rat cardiac cDNAs with natriuretic peptide specific for the three receptor subtypes were detected. There appeared
receptor and fl-actin primers. Left (LA) and right (RA) to be reproducible differences in the intensities ofthe A and B recep-
LV) and right (R V) ventricular cDNAs from the rat were tor cDNA products between left and right ventricular samples; similar
ith the PCR using primers specific for the A, B, and C yields ofthe C receptor product were obtained from both ventricles.
d ,B-actin cDNAs. All RNA samples were pretreated with The 1-kb DNA ladder (Bethesda Research Laboratories) is included
,e DNAase before reverse transcription and PCR. The re- for size comparison.

verse transcriptase was omitted in control (RT-) RNA samples during
the cDNA synthesis step. After separation by electrophoresis, DNA
bands of the sizes predicted (45 l-bp for the A receptor, 692-bp for
the B, - 573-bp for the C subtype, and 816-bp for #l-actin) hybridized
to the appropriate probes. The presence ofthe specific receptor cDNA
bands depended on prior reverse transcription. There appeared to be
little regional difference in the amounts ofA or B receptor products
obtained. For the C receptor, the bands obtained from atrial cDNA
were consistently greater than those generated from ventricular
cDNA. This difference was not due to large variation in the amount
of total cDNA before PCR, as shown by the similar intensity of the
f,-actin bands. 1 kb: Bands from a 1-kb DNA ladder (Bethesda Re-
search Laboratories), A receptor: 517/506 bp, 396 bp, 344 bp, 298
bp; B and C receptor and j-actin: 1,018 bp, 517/506 bp.

amplification cannot provide direct evidence for the transla-
tion of these transcripts and the distribution of the receptor
proteins in the rat heart, it avoids potential problems such as

"blockade" of binding sites by large amounts of ANP (and
BNP) released during tissue preparation, and its ability to de-
fine specific receptor subtypes is currently unattainable with
conventional ligand-binding or autoradiographical techniques
using '25M-labeled compounds. One group has reported the exis-
tence of binding sites for [ 1251]ANP in ventricular membrane
preparations (37), but they have now published some contra-
dictory data (40). Others have reported the presence ofANP-
binding sites on ventricular endocardium (41-44) and on cul-
tured mesenchymal nonmyocardial cells from the rat heart
(46). Anand-Srivastava et al. (47) employed receptor autoradi-
ography to detect displaceable binding of [1251]ANP in con-

ducting tissue in the rabbit heart, but a similar distribution of
binding has not been observed in the rat heart by others (refer-
ence 45 and D. J. Nunez, unpublished observations). The
buffers used in many binding studies permit very extensive

degradation of ['25I]ANP, which would reduce the apparent
prevalence ofbinding sites and alter the binding kinetics (64),
but we have been unable to detect "covert" binding sites after
the inclusion of phosphoramidon (2 MM) in the reaction mix-
ture to prevent ANP metabolism by neutral endopeptidase
(E.C. 3.4.24.1 1 ) (D. J. Nunez, unpublished results).

Although there are discrepancies in the detailed distribu-
tion of cardiac natriuretic peptide receptors, the functional
data discussed above suggests that cardiac myocytes themselves
express ANP receptors, but our results cannot exclude a contri-
bution from other cell types, such as smooth muscle and endo-
thelial cells and neurons, which are distributed throughout the
heart. Wilcox and colleagues (49) have reported the results of

Cycles 30 35 40 Figure 4. The effect of
altering the number of
PCR cycles on the yield

LA ofC receptor product
from rat heart cDNAs.
Left (LA) and right
(RA) atrial, left (LV)

RA and right (RV) ventric-
ular cDNAs from the
rat were amplified with

- _ C receptor primers for
LV 30, 35, and 40 cycles.

The specific C receptor
product was detectable

RV in the atrial samples at
lower levels of amplifi-
cation, indicating that

the initial prevalence of C receptor mRNA transcripts in the atrial
samples is greater than that in the ventricular ones.
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an extensive in situ hybridization histochemical study on a
single rhesus monkey using cRNA probes to the A, B, and C
receptor mRNAs. A and C receptor probe hybridization was
observed overlying endocardial endothelial cells throughout
the heart, except for the left ventricle in the case ofthe A recep-
tor. High levels of C receptor cRNA hybridization were seen
associated with many right atrial myocytes. B receptor tran-
scripts were not detectable. The differences between these re-
sults and our data may represent species variation. However,
their C receptor antisense cRNA hybridization experiments
cannot be assessed by comparison with formal controls. Al-
though they observed anatomical localization, which was
apparently discrete, this is not a sufficient criterion ofhybridiza-
tion specificity, since we have found indistinguishable region-
ally localized hybridization ofantisense and sense oligonucleo-
tides specific for the A and C receptor mRNAs within the rat
kidney (D. J. Nunez, unpublished results). Furthermore, the
fact that the templates used to synthesize the control sense A
and B receptor cRNAs were 1,000 bases longer than the anti-
sense ones may have affected probe size and penetration into
the tissue sections in an unpredictable manner (65, 66), pro-
ducing an artifactual reduction in the "nonspecific" back-
ground. Furthermore, there appear to be some discrepancies
between the detailed localization of receptors predicted from
the pattern ofexpression ofthe transcripts and the binding sites
defined using [ 125I ]ANP (41-44, 47).

If the natriuretic peptide receptor mRNAs we and others
have detected in cardiac tissue are translated and the proteins
expressed appropriately, it still remains to be established
whether the effects of ANP on cardiac tissue discussed above
are mediated by the known receptor types or whether there are
others still to be defined, either of the "functional" guanylyl
cyclase type or ofa cGMP-independent form, which appear to
mediate, for instance, the stimulation of amiloride-sensitive
22Na' uptake into cells in the rabbit aorta (67) and the inhibi-
tion of aldosterone secretion from adrenal cortical cells (68,
69). However, MacFarland and colleagues (70) have cast some
doubt on the latter results by demonstrating that 8-bromo-
cGMP can inhibit ACTH-induced aldosterone secretion by
lowering cAMP levels via a cGMP-dependent increase in phos-
phodiesterase activity.

Our data showing the presence of natriuretic peptide recep-
tor mRNAs in the rat and human heart and the evidence re-
viewed above that indicates that these transcripts are translated
into functional receptors raises the question of the physiologi-
cal roles of these receptors. One possibility is that they are in-
volved in the regulation ofANP (and BNP) synthesis/release
by myocytes via a short feedback loop, allowing these cells to
"sense" intracardiac concentrations ofANP. Another function
of the receptors is suggested by the effects of ANP on cardiac
contractility and second messenger systems. Indeed, the en-
hancement by ANP ofthe positive inotropic effect ofangioten-
sin II (34) may be beneficial in cardiac failure, a pathophysio-
logical state associated with elevated plasma ANP concentra-
tions ( 1). Alternatively, natriuretic peptide receptors
synthesized within cardiac nerve terminals may function to
modulate cardio-renal reflexes (38).

In conclusion, the results presented here indicate that li-
gand-binding techniques are not reliable in demonstrating car-
diac natriuretic peptide receptors and that other methods, per-
haps based on specific antireceptor antibodies, are required to
study the expression ofthe receptor molecules themselves. The
evidence in favor ofthe existence ofthese receptors in the heart

requires a reevaluation of the mechanisms by which ANP and
BNP alter renal function, since some ofthese may be mediated
by cardio-renal reflexes, rather than by direct actions of the
peptide.
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