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Differential Regulation of Natriuretic Peptide Receptor Messenger RNAs
during the Development of Cardiac Hypertrophy in the Rat
Lesley A. Brown, Derek J. R. Nunez, and Martin R. Wilkins
Department of Clinical Pharmacology, The Royal Postgraduate Medical School,
Hammersmith Hospital, London W12ONN, United Kingdom

Abstract

The heart expresses the three natriuretic peptide receptors
(NPR), namely NPR-A, NPR-B, and NPR-C. Wehave exam-
ined the temporal relationship between the expression of
mRNAtranscripts for atrial natriuretic peptide (ANP) and
brain natriuretic peptide (BNP) and their receptors in the heart
during the development of cardiac hypertrophy in the aortove-
nocaval fistula rat. Messenger RNAswere measured by cDNA
amplification. Progressive cardiac hypertrophy was accompa-
nied by increased ANPmRNAprevalence throughout the heart
and increased BNPmRNAin the left atrium. The most striking
observation was the gradual disappearance of NPR-C tran-
scripts (the putative "clearance" receptor) in all chambers;
this was in marked contrast to the increase in mRNAlevels for
NPR-A and NPR-B (the guanylyl cyclase-linked receptors).
Our observations have important therapeutic implications if
the transcript changes are mirrored at the receptor protein level
because (a) the apparent down-regulation of NPR-C may en-
hance the local action of natriuretic peptides on the heart, and
(b) the loss of NPR-C, particularly if it is widespread, may
reduce the rate of elimination of the natriuretic peptides, re-
stricting the therapeutic potential of specific NPR-C ligands
designed to reduce peptide clearance. (J. Clin. Invest. 1993.
92:2702-2712.) Key words: arteriovenous shunt * atrial natri-
uretic peptide * brain natriuretic peptide - clearance * guanylyl
cyclase * heart

Introduction

Atrial natriuretic peptide (ANP),' brain natriuretic peptide
(BNP), and C-type natriuretic peptide (CNP) constitute a fam-
ily of peptides sharing sequence, structural, and functional simi-
larities ( 1-3). They are encoded by different genes and the
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1. Abbreviations used in this paper: ANP, atrial natriuretic peptide; AV,
aortovenocaval; BNP, brain natriuretic peptide; CNP, C-type natri-
uretic peptide; CV, coefficient of variation; G3PDH, glyceraldehyde-
3-phosphate dehydrogenase; LA and RA, left and right atria; respec-
tively; LV and RV, left and right ventricles, respectively; NPR, natri-
uretic peptide receptor; RT, reverse transcription.

biologically active species are cleaved from the carboxyl ter-
mini of their respective precursor molecules (4-6). ANPand
BNPare present in many tissues, the highest levels occurring in
atrial myocytes ( 1, 7). CNP, in contrast, is located primarily in
the brain and pituitary gland, with very low levels in other
tissues (8). Recently, CNPhas been detected in endothelial
cells in culture (9, 10) and in endothelium in situ ( 11).

Collectively, the natriuretic peptide family is thought to
play an important role in cardiovascular homeostasis. ANP
and BNPexhibit natriuretic-diuretic and vasorelaxant proper-
ties through a direct action on tissues and by "antagonism" of
the renin-angiotensin system, endothelin, and vasopressin ( 1,
12). CNP, in contrast to the other natriuretic peptides, is pre-
dominantly a vasodilator and has little effect on, or reduces,
renal sodium and water excretion (3, 13, 14). The effects of
these peptides appear to be mediated by guanosine 3',5'-cyclic
monophosphate (cGMP) (1), although there are indications
that they may alter intracellular cAMP( 1, 15-20) and phos-
phoinositide concentrations (21-23). ANPand CNPalso have
an antiproliferative action on vascular smooth muscle cells in
culture (24, 25); these antimitogenic effects have been re-
ported to occur independently of changes in cellular cyclic nu-
cleotide levels (24).

To date, cDNAcloning has defined three types of receptor
for the natriuretic peptides (NPR-A, -B, and -C) (26-33). Ex-
pression of NPR-A and NPR-B cDNAs demonstrate that both
possess an integral intracellular guanylyl cyclase domain (26-
30, 34). However, the two receptors display different ligand
binding selectivity. The rank order of binding to NPR-A and
potency at generating cGMPis ANP> BNP> CNP, whereas
for NPR-B it is CNP> ANP> BNP(34-37). The third recep-
tor, NPR-C, has a short intracellular tail (31-33) and no intrin-
sic ability to generate cGMP, although it may mediate the
changes in cAMP( 17-22, 38, 39) and phosphoinositides (23)
mentioned above. It has less stringent requirements for ligand
binding than the other two forms-it binds the three natri-
uretic peptides with approximately equal affinity, as well as
ring-deleted and truncated linear peptides (36, 37, 40). Bind-
ing to NPR-Cappears to be an important route of elimination
of the natriuretic peptides (41, 42).

ANPand BNPhave been studied primarily as circulating
hormones, but there is increasing interest in potential para-
crine and autocrine actions of these peptides in various tissues,
including the heart. The presence of functional receptors in the
heart has been suggested by several studies of the effects of
natriuretic peptides on isolated myocardium or myocytes (43-
46). Specific cardiac binding sites for these peptides have been
detected by ligand binding studies or autoradiography (47,
48), but not consistently (49; D. J. Nunez, unpublished obser-
vations), possibly because of high local concentrations of en-
dogenous ANPreleased during the sample preparation. How-
ever, the presence of receptor mRNAtranscripts has now been
demonstrated clearly in the monkey heart using in situ hybrid-
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ization (50) and in rodent and human cardiac tissue by cDNA
amplification with the reverse-transcription polymerase chain
reaction (RT-PCR) (51 ).

The factors influencing the expression of the NPRin car-
diac tissue are central to an understanding of the role of these
peptides in regulating cardiac function. A recent study sug-
gested that the expression of mRNAtranscripts for the recep-
tors in the human heart may be modified by pressure or vol-
umeoverload (51 ). In the present study, we have examined the
temporal relationship between the expression of ANP and
BNP, their receptors and increasing cardiac mass in a rat model
of progressive four chamber cardiac hypertrophy and elevated
plasma ANP levels, the aortovenocaval (AV) fistula rat (52,
53). This has been accomplished using RT-PCR, as the tech-
nique provides a rapid approach to quantifying the expression
of multiple genes in the same small cDNAsample.

Methods

The A V-flstula rat model. AV-fistula surgery was performed on male
Wistar rats (Bantam and King, Hull, UK) weighing 260-280 g, anesthe-
tized with Hypnorm ( 1 ml/kg administered intraperitoneally; Janssen
Pharmaceuticals Ltd., Oxford, UK). A midline celiotomy was per-
formed and the intestines were displaced laterally. The aorta and the
inferior vena cava were exposed and clamped. A fistula (1-1.5 mm)
was made with scissors through a side-to-side anastomosis between
these two vessels - 10 mmdistal to the renal arteries. In the control
sham-operated rats, the aorta and the inferior vena cava were exposed
and temporarily clamped for - 5 min without cutting or suturing the
blood vessels. After recovery from the anesthetic, the animals were
placed in cages with free access to water and standard rat laboratory
diet. The mortality rate of the surgical procedure was 12%.

Tissue preparation. At 7, 21, 28, 35, and 49 d, the AV fistula ani-
mals were anesthetized with Hypnorm and the hearts were removed
quickly, weighed, and placed on ice. To conserve the number of ani-
mals employed, we elected to study two groups of control rats at 7 and
35 d. Four animals were used for each experimental time point. Both
atria (right atrium, RA; left atrium, LA) were carefully dissected off
and the right ventricle (RV) was cut flush from the septum and the left
ventricle (LV). All four chambers were weighed separately. Samples
were then frozen in liquid nitrogen and maintained at -80'C until
used for mRNAextraction.

mRNAextraction. mRNAwas isolated from - 25 mgof atrial or
ventricular myocardium using the Microfast Track mRNAIsolation
Kit (Invitrogen, San Diego, CA), which employed oligo(dT) cellulose
to adsorb polyA+ mRNA. Nonpolyadenylated RNA, DNA, dissolved
membranes, proteins, and cellular debris were washed off the resin with
the high salt buffer supplied, and tRNA and rRNA with the low salt
buffer. The mRNAwas then eluted in the absence of salt and stored in
ethanol at -80°C. After ethanol precipitation the mRNAwas resus-
pended in 10 pl of nuclease-free water.

Dot blot hybridization of mRNA. 2 Ml of each mRNAsample was
dotted, in duplicate, onto a nylon membrane (Hybond-N; Amersham
International plc, Amersham, UK). After a prehybridization step, the
membranes were hybridized overnight at 37°C in a solution containing
50% Formamide, 50 mMNaH2PO4, pH 7.0, 5 mMEDTA, 0.9 M
NaCI, SX Denhardt's solution, 0.1% SDS, and 100 Mg/ml salmon
sperm DNAand 64 pmol (62.5 X 106 cpm) of a 30-base oligo-dT probe
which had been 5 '-end-labeled with T4 polynucleotidyl kinase and [ y-
32P]ATP (> 5,000 Ci/mmol; Amersham International plc). The la-
beled probe had been separated from unincorporated nucleotides by
passage through Sephadex G-50 (Pharmacia, Milton Keynes, UK).
The membranes were then washed with increasing stringency (down to
20 mMNa+ + 0.1% SDS) at 37°C, and exposed to autoradiography
film. Each dot was cut from the membrane and the amount of probe
hybridization was measured by liquid scintillation counting (Tri-carb

2000CA Liquid Scintillation Analyzer; United Technologies Packard,
Pangbourne, UK).

RT. 2-,ul aliquots of mRNAwere reverse transcribed with 25 pmol
of a 12-mer random sequence primer and 10 UMoloney murine leuke-
mia virus reverse transcriptase (Pharmacia) in the buffer recom-
mended by the supplier. The reaction tubes were then incubated at
370C for 2 h. After this, the cDNAsamples were diluted with nuclease-
free water to a volume of 100 ,l.

PCRamplification of cDNAs. PCRwas performed using 2.5 ,l of
the diluted cDNA sample in a total reaction volume of 25 Ml. Master
PCRmixes ( 17.5 Ml per tube) were prepared with pairs of primers
specific for ANP, BNP, NPR-A, NPR-B, NPR-C, or glyceraldehyde-
3-phosphate dehydrogenase (G3PDH) (Table I). The final reaction
concentrations were as follows: 1 MMprimers, 50 mMKC1, 10 mM
Tris-HCl (pH 9.0), 1.5 mMMgCl2, 0.01% Triton X-100, 50MuMdeoxy-
nucleotides, and 0.02 MCi/Ml of [a-32P]dCTP (> 5,000 Ci/mmol;
Amersham International plc). The reactants were overlaid with min-
eral oil. 1 U of Taq DNApolymerase (Promega Corp., Madison, WI)
in S ,ul of nuclease-free water was added to the reaction tubes during a 3
min incubation at 95°C ("hot start" method). PCRwas performed for
19-40 cycles (93°C for 30 s, 55-60°C for 30 s, 73°C for 60 s; final
extension at 73°C for 10 min).

Analysis of PCRproducts. Wehave assessed the relative amounts of
template cDNA at the start of the PCRby measuring the amount of
DNAproduct during the exponential phase of amplification. The con-
ditions necessary for exponential amplification with each primer pair
were achieved by altering the number of PCRcycles or by dilution of
the initial cDNA template. For each set of primers, cDNA samples
from both control and hypertrophied hearts were amplified for 19-40
cycles to determine the range over which exponential amplification
was occurring. A cycle number was chosen to allow all the reactions for
a particular template to be amplified together; the cDNAsamples were
diluted if necessary.

For each of the time points, four rats were used. cDNAs from the
four cardiac chambers of each animal were amplified in duplicate, ex-
cept for those used to measure the intraassay coefficient of variation (CV).

15 Ml of each PCR product was separated by electrophoresis
through a nondenaturing 6% polyacrylamide gel using TBE buffer (45
mMTris borate, 1 mMEDTA). The gels were exposed to autoradiogra-
phy film to locate the specific product bands (of the expected size) on
the gel. The gel band was then excised and the amount of 32p incorpo-
rated into the amplification product was quantified by liquid scintilla-
tion counting. In the case of NPR-B a second major product was ob-
served which was slightly smaller. In that it may represent cDNA from
an alternatively spliced mRNA, both bands were included for quantifi-
cation.

For each cDNA sample, the counts (in cpm) incorporated into the
amplification fragment were then divided by the mRNAcounts for the
same sample (in cpm) derived from the dot blots. This corrected for
variation in the extraction of mRNA.

Statistical analysis. The statistical significance of the changes in
transcript levels in each cardiac chamber during the development of
cardiac hypertrophy was determined by one-way ANOVAusing the
statistical program, Statgrafics (Statistical Graphics Corp., Rockville,
MD). The significance of a difference was then determined by individ-
ual unpaired t tests. The significance of a correlation between two vari-
ables was determined by linear regression analysis using the graph-plot-
ting programme, Fig P (Biosoft Ltd., Cambridge, UK). P < 0.05 was
considered to be statistically significant.

Results

Development of cardiac hypertrophy in A Vfistula rats
The chronic volume overload produced by the AV fistula re-
sulted in significant progressive hypertrophy (as determined by
the ratio of chamber weight to body weight) of all the cardiac
chambers from 7 up to 28 d (Fig. 1 ). After this time there were

Regulation of Natriuretic Peptide Receptor mRNAsin Rat Heart 2703



1' -1

cl~

cr

Q
0 <u

OH8

6<O
Q00
<HO0Q<
Q<Q
<OHH

0

Q

H

0 U

k-
0

6OH
H O

00

QQ
<H
00H0

H

0
Q

H0

Q
0
Q
Q
Q

QH

u<H

Q

<0

Q

Q

Qn

-I

uI

Z Z 0. CL 4 en
< m Z Z Z 0

no further significant increases in cardiac chamber weights.
This contrasted clearly with the growth characteristics of the
control rat hearts in which the increase in chamber weight from
7 to 35 d paralleled the rise in body weight (i.e., there was no
change in the cardiac chamber weight/body weight ratio).

Validation of the PCRassay
mRNAdot blot analysis. A 10-fold variation in mRNAextrac-
tion efficiency was observed using the Microfast Track method
(data not shown). There was a significant positive correlation
(r = 0.55, P < 0.001) between the mean of the oligo-dT probe
hybridization to the two dot blots of a mRNAand the quantity
of G3PDHDNAproduced by amplification of the cDNAfrom
that particular mRNA(data not shown).

Characterization of the efficiency of amplification. The ef-
fect of altering the degree of amplification on the amount of
specific product was assessed by varying the number of PCR
cycles (19-40 cycles). Representative cDNA samples from
control and hypertrophied hearts were used. Fig. 2 shows the
cycling curves used to determine the exponential phase of am-
plification for each of the cDNAtemplates. The following cycle
numbers were chosen for all further analyses: ANP30 cycles,
BNP28 cycles, NPR-A 36 cycles, NPR-B 38 cycles, NPR-C36
cycles, and G3PDH29 cycles. For ANPamplification, the con-
trol atrial cDNAswere diluted 10-fold, and the AV fistula atrial
cDNAs 20-fold.

When transformed into log-linear plots, the cycling curves
were used to determine the efficiency of the amplification pro-
cess during the exponential phase using the equation: logY
= logA + n log ( 1 + R), where R is the efficiency, A the initial
amount of DNA, and Y the extent of amplification (55). For
the six templates, an average efficiency of 60% per cycle was
observed over the exponential range.

Specificity. After amplification, a single DNAband of the
predicted size was observed using the cDNA samples and
primers specific for G3PDH, ANP, BNP, NPR-A, and NPR-C
(Fig. 3). Two major products of similar size were generated
with the NPR-B primers.

The primers employed in these experiments had been evalu-
ated previously by subjecting the amplified DNAto Southern
blotting, restriction enzyme cleavage, or DNAsequencing to
establish the specificity of the products generated by PCR(51,
56 and D. J. Nunez, unpublished results). Moreover, there are
differences in the effects of cardiac hypertrophy on the preva-
lence of the transcripts for ANP, BNP, NPR-A, NPR-B, NPR-
C, and G3PDHas detected by RT-PCR(Figs. 4 and 5). Ampli-
fication with the G3PDHprimers provides a baseline for com-
parison with other results. Atrial and ventricular G3PDH
mRNAprevalence was measured using the cDNA samples
from control and hypertrophied hearts (Fig. 4). Overall, there
appeared to be a trend for the G3PDHmRNAto increase with
time (two- to fourfold change), but this was only significant in
the LV samples at 28 d (P < 0.05), 35 d (P < 0.005) and 49 d
(P < 0.05). There was no significant correlation between the
individual chamber weights and the G3PDHmRNApreva-
lence.

Sensitivity. Wehave attempted to obtain a measure of the
sensitivity of the RT-PCR technique by studying the expres-
sion of the NPR-B mRNAin the heart, inasmuch as it has not
been detected by in situ hybridization (50), a technique which
is more sensitive than Northern blotting (57). Fig. 2 clearly
demonstrates the presence of these transcripts in samples of
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Figure 1. Time course of cardiac hypertrophy in rats with AV fistulae
and in sham-operated controls. In the AV fistula rats (open columns),
there was progressive hypertrophy of all cardiac chambers with time.
In the 7- and 35-d sham-operated controls (hatched columns), there
was no change in the cardiac chamber weight relative to body weight.
Values are expressed as the ratio of the chamber weight (mg) divided
by the body weight (g) (mean±SEM; n = 4 rats). *JP < 0.01 or less
compared to sham-operated values.

cDNAderived from the equivalent of - 125,ug (wet weight) of
tissue.

Reproducibility. Due to the exponential nature of PCRam-

plification, small differences in any of the variables, such as the
amount of initial mRNAtemplate or the efficiency of cDNA
synthesis, may greatly affect the amount of DNAproduced.
For this reason we have paid particular attention to the repro-
ducibility of the assay. Even though we employed approxi-
mately the same weight of tissue for mRNAextraction, the
large variation (- 10-fold) in extraction efficiency observed
with the oligo-dT dot hybridization made it necessary to intro-
duce a correction for these differences. The intraassay CV of
the whole quantification procedure was 5.8% when five mRNA
aliquots derived from a single control LV mRNAsample were

reverse transcribed and then amplified using the G3PDH
primers. A separate experiment yielded a CVof 8.5% when five
aliquots from a single control RAcDNAwere amplified with

the ANPprimers. All the samples used to measure a particular
cDNA template were performed in a single experiment to
avoid interassay variability.

Accuracy. In the absence of a fully validated alternative
technique for measuring specific mRNAtranscripts, we have
assessed the accuracy of this RT-PCR method by measuring

the prevalence of ANPand BNPmRNA, since there is some
data to indicate the relative levels of atrial and ventricular ex-
pression and the changes occurring during the development of
cardiac hypertrophy. In control rat hearts, ANPmRNAlevels
were greater in the atria than the ventricles (e.g., RA/RV ratio
= 25). Fig. 4 shows how corrected mean ANPmRNApreva-
lence changed during the development of cardiac hypertrophy.
The levels rose significantly in both atria up to 21 d (a 14-fold
increase in RA, P < 0.001; and a 62-fold increase in the LA, P
< 0.01), and then fell-levels were not significantly different
from baseline by 49 d. In the ventricles on the other hand, there
was a much slower, but progressive, trend towards a rise in
ANPtranscript prevalence, but this only reached significance
at 28 d in the LV (13-fold increase; P < 0.05). Interestingly,
although not reaching statistical significance because of the
large amount of variation, at 49 d there was a 150-fold increase
in the RV (RA/RV ratio = 0.85) and a 15-fold increase in
the LV.

In control rats, BNPmRNAlevels were similar in the atria
and ventricles (Fig. 4). Although there was a trend towards a
rise in the RA, the changes did not achieve statistical signifi-
cance. The pattern of expression in the LA during the develop-
ment of hypertrophy was similar to that seen with ANP
mRNA. BNP transcript prevalence increased significantly up
to 21 d (18-fold increase; P < 0.01). The level then declined
steadily towards baseline control values. In the RV, transcript
prevalence remained unchanged (at 49 d there was a 10-fold
rise, but this did not achieve statistical significance). In the LV,
there was no significant change in transcript prevalence, but
there was a trend toward an increase (3- to 4-fold above base-
line at 49 d). In all cardiac chambers, there were no differences
in the expression of ANPand BNPmRNAbetween the control
sham-operated 7- and 35-d animals (data not shown).

NPRtranscript levels during the development of cardiac
hypertrophy
Fig. 3 shows typical DNAproducts obtained from PCRreac-
tions using NPR-A, NPR-B, and NPR-C primers and cDNA
samples from control and hypertrophied hearts. The most
striking observation was the contrast between the change in
prevalence of the NPR-A and NPR-B transcripts when com-
pared to the alteration in NPR-CmRNA,during the develop-
ment of cardiac hypertrophy (Fig. 5).

In control rat hearts, NPR-A mRNAlevels were similar in
the atria and ventricles. During the development of hyper-
trophy, the RA showed a trend toward an increase in NPR-A
mRNAprevalence (7-fold change), but this did not achieve
statistical significance. In the LA the prevalence increased
steadily, reaching a level at 49 d which was 24 times greater
than the control value (P < 0.01). In the ventricles, NPR-A
mRNAreached a peak at 28 d (10-fold increase in RV, P
< 0.0 1; 19-fold rise in LV, P < 0.005), after which there was a
decline toward baseline. There was a significant positive corre-
lation between chamber weight and NPR-A mRNAlevels in
the LA (up to 49 d, r = 0.5, P < 0.02), the RV (up to 28 d, r
= 0.72, P < 0.002) and the LV (up to 28 d, r = 0.85, P
<0.001).

The prevalence of NPR-B mRNAtranscripts in control rat
hearts were comparable in the atria and the ventricles. In all the
chambers, except the RA, there was a progressive increase in
mRNAprevalence which peaked at 28 d (30-fold increase in
LA, P < 0.005; 70-fold increase in RV, P < 0.005; 60-fold
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Figure 2. The effect of altering the number of PCRcycles on the yield of cDNA product. Amplification of cDNAs from representative control
(ANP, sham RA; NPR-C, sham RV) and hypertrophied cardiac chambers (G3PDH, 21-d LA; BNP, 35-d RA; NPR-A, 21-d RA; NPR-B, 28-d
RA) was performed for 19-40 cycles. For the ANPamplifications, the cDNAs were diluted 10 -fold. After exposure to autoradiographic film,
the specific DNAproduct bands were excised and quantified by liquid scintillation. The amount of 32P incorporated into the specific DNA
product at each level of amplification was used to construct a cycling curve for each of the transcript templates. The small arrow above each curve
indicates the cycle number that was chosen for all subsequent amplifications utilizing the particular pair of primers.

increase in LV, P < 0.002), after which they fell to control
levels (Fig. 5). Although, there was a trend toward a rise in
NPR-BmRNAin the RA, this did not achieve statistical signifi-
cance. There was a significant positive correlation between
chamber weight and NPR-B mRNAlevels during the develop-
ment of cardiac hypertrophy in all four chambers up to 28 d
(atria r = 0.6, P < 0.05; ventricle r = 0.88, P < 0.001). The
autoradiographic appearances indicated that, in general, the
relative prevalence of the two NPR-B amplification products
did not vary during the course of these experiments. However,
we did not establish the optimal amplification parameters for
each NPR-B cDNA in isolation.

There were a number of prominent differences between the
expression of NPR-C transcripts and those of the guanylyl cy-
clase receptors. The level of NPR-C mRNAin control hearts
was significantly greater in the RA compared with the other
chambers (RA 79±9; LA 23±2; RV 42+17; LV 20±7; P
< 0.005). In marked contrast to the patterns of expression of
the guanylyl cyclase receptors, which were readily detectable
throughout the study period, the prevalence of NPR-CmRNA
fell progressively during the development of cardiac hyper-
trophy (Fig. 4). The transcripts were undetectable in all
chambers by 28 d, when the prevalence of NPR-A and NPR-B
mRNAwas greatest. Augmenting the degree of amplification
by increasing the number of PCRcycles for the 28-, 35-, and
49-d cDNAs produced weak specific DNAbands in some, but
not in other samples. In the samples in which the specific NPR-

C product was not detectable no other competitive template
bands were observed.

The changes in NPR-Cprevalence during the development
of cardiac hypertrophy were not observed during normal
growth of the rats. In the 35-d control rats, NPR-C transcripts
were detectable at levels which were not significantly differ-
ently from those at 7 d (data not shown).

Discussion

Our studies of the prevalence of NPRmRNAsin the rat heart
during the development of cardiac hypertrophy provide the
first demonstration ex vivo of their differential regulation and
kinetics of expression. In the AV fistula rat, progressive and
marked hypertrophy affecting all the cardiac chambers was ac-
companied by significant increases in ANPmRNAprevalence
throughout the heart; in contrast, BNPmRNAwas elevated
only in the LA. The most remarkable observation, however,
was the gradual disappearance of NPR-C transcripts (the puta-
tive "clearance" receptor) which differed strikingly from the
increase in mRNAlevels for both NPR-A and NPR-B (the
guanylyl cyclase-linked receptors).

Messenger RNAquantification was performed using the
technique of cDNAamplification by PCR(RT-PCR). A ma-
jor advantage of this technique is that it allowed us to follow
changes in the prevalence of six transcripts within a single small
cDNAsample. This would not have been possible using more
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Figure 3. Amplification of right atrial cDNAs from sham-operated
and AV fistula rats with primer pairs for G3PDH, ANP, BNP, NPR-
A, NPR-B, and NPR-C. cDNAs from the RAof 7-d sham-operated
and 7-49-d AV fistula rats were amplified by RT-PCR using the spe-

cific primer pairs shown in Table I at the cycle number chosen for
exponential amplification (G3PDH 29 cycles, ANP30 cycles, BNP
28 cycles, NPR-A 36 cycles, NPR-B 38 cycles, NPR-C 36 cycles).
For ANPamplification, the control atrial cDNAs were diluted 10-fold
and the AV fistula atrial cDNAs were diluted 20-fold. After separation
by PAGE, the gel was exposed to autoradiography film. DNAbands
of the predicted size were obtained (451 bp for ANP, 250 bp for BNP,
451 bp for NPR-A, 573 bp for NPR-C, 309 bp for G3PDH). For
NPR-B two bands were seen: the expected product at 692 bp and also
a smaller DNAwhich may represent DNAderived from a truncated,
alternatively spliced NPR-B mRNA. The relative amounts of the two
NPR-B DNAsdid not appear to vary during the time course of these
experiments.

conventional methods for quantifying mRNAs, such as mem-

brane hybridization and RNAase protection assays, since there
would be insufficient extractable RNAfrom individual cardiac
chambers, particularly the atria, to detect relatively rare tran-
scripts.

It is recognized that PCR-based methods have limitations
as quantitative assays. Principal among these is that PCRmay

amplify small differences in the amount of initial mRNAtem-
plate or the efficiency of cDNA synthesis. One method advo-
cated to overcome this problem is "competitive PCR," in
which serial dilutions of a standard template are co-amplified
with the template whose concentration is unknown. In this
study incorporation of dilution curves of the standard for each
cDNA sample would not have been practicable without in-
creasing technical variability because of the large number of
samples involved. Instead we elected to quantify the cDNAsby
a simpler method which relies on the measurement of the spe-

cific product during the exponential phase. This is similar in
concept to immunological titration assays (but with a doubling
of the product at each cycle rather than serial dilution) and
must be regarded as semiquantitative in its dynamic response.

Nonetheless, this was sufficient to define patterns of response

and identify differences in expression between the transcripts
measured.

The specificity of the method is an important consideration
and can be judged in two ways. First, in our previous published
(51, 56) and unpublished studies the following criteria have
established the identity of the DNAbands produced by ampli-
fication with the primers used here: (a) except for the NPR-B
doublet amplification product, all the other PCRDNAshave
been single and clearly distinguishable from smaller minor
products; (b) they are of the predicted size; (c) they are cleaved
by restriction endonucleases at the expected sites; (d) they hy-
bridize with appropriate oligonucleotide probes which are
flanked by the PCRprimers, and (e) the product has been
sequenced if amplification has been performed with primers
designed from the sequence of the cDNA of another species
(e.g., NPR-C; 51). Secondly, we are reassured of the specificity
of our method by the different trends in expression of the six
transcripts during the development of cardiac hypertrophy.
The transient increase in ANP, BNP, NPR-A, and NPR-B
mRNAlevels contrasts with the progressive disappearance of
NPR-C mRNAand the small rise of G3PDHmRNA. This
indicates that we are not detecting general changes in mRNA
content.

Generally, methods based on PCRcan be relied upon to
exhibit much lower limits of detection than other quantitative
methods such as Northern blotting and RNAase protection.
Indeed, it is a requirement to establish that the sensitivity of the
PCRassay is not so great as to detect "illegitimate" transcripts
(55, 58, 59) which would be of little pathophysiological signifi-
cance. Our data on the NPR-C transcript show that this is not
the case, since this mRNAwas not detectable at and beyond 28
d, when the other transcripts were easily observed. Further-
more, we have been unable to detect consistently CNPmRNA
transcripts in the cDNAs from our control and AV fistula rat
hearts (L. A. Brown, unpublished observations).

Our measurements of ANPmRNAprevalence in cardiac
tissue compare favorably with published data. The atrioventric-
ular differences in ANPmRNAlevels we observed in the hearts
of sham-operated rats ( - 20-fold greater in the atria) are con-
sistent with previous reports in which these have ranged from
10-fold (PCR-based method [60]) to 50-fold (detected by
RNAhybridization methods [61, 62]). Cardiac hypertrophy
in the AV fistula rat was associated with a 17- to 62-fold in-
crease in cardiac ANPmRNAlevels after 21 d. In a subset of
Wistar rats that develop spontaneous biventricular hyper-
trophy a 6-fold increase in ventricular ANPmRNAhas been
recorded (63). A 3-fold increase in ANP mRNAhas been
noted in the hearts of animals subjected to aortic banding 7 d
previously (measured by membrane hybridization) (64), and
a 6- to 10-fold rise in these transcripts in 14 d AV fistula rats
(quantified by nuclease protection assays) (62, 65). After the
initial rapid increase of atrial mRNAlevels up to 21 d, there
was a trend to decline from 28 d onwards. A reduction in
plasma ANP levels after an early peak has been reported re-
cently in AV fistula rats (53), and provides support for a corre-
lation between myocardial mRNAprevalence and plasma
ANPconcentration, as found by others (e.g., 66, 67).

Changes in BNP mRNAin hypertrophied myocardium
have not been extensively studied. Here we report that BNP
transcript prevalence was augmented significantly only in the
hypertrophied left atrium. This discrepancy in the response to
hypertrophy between ANPand BNPis consistent with the hy-
pothesis that the hypertrophied myocyte regresses back to a
phenotype with fetal characteristics (68). In fetal and neonatal
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Figure 4. The expression of G3PDH, ANP, and BNPtranscripts during the development of cardiac hypertrophy. Specific primer pairs were uti-
lised to amplify cDNAs from the cardiac chambers of AV-fistula rats (open columns) and sham-operated rats (S7, hatched columns). The
amount of radioactivity (mean±SEM; n = 4 rats) in each DNAband was corrected for variation in mRNAextraction (i.e., cpm of the specific
DNAband/cpm of the mRNAdot blot). Myocardial hypertrophy was accompanied by increased ANPmRNAprevalence throughout the
heart and increased BNPmRNAin the left atrium. *P < 0.05 or less when compared with the 7-d sham-operated values.

hearts, ANPmRNAlevels are much higher than in adult myo-

cardium (57, 69-71 ), whereas there is little difference in the
expression of BNPmRNA(69). In contrast, the BNPsystem is
activated greatly by heart failure (69). Perhaps ANPmay func-
tion to keep in check the extent of cardiac hypertrophy by
activating antihypertrophic mechanisms similar to the antipro-
liferative effects seen in smooth muscle cells (24). It is interest-
ing to speculate that the loss of NPR-CmRNA(and presum-

ably the receptors themselves) from the heart may be an adap-
tive response which enhances this action of ANP. BNP, on the
other hand, may have a more "conventional" role in reducing
the volume load on a failing heart by enhancing salt and water
excretion.

In a previous paper we reviewed the evidence for the exis-
tence of NPRin the heart (5 1 ). Here we have extended these
studies to determine how these transcripts are modulated in the
AV fistula rat. This is a well-established model of cardiac hy-
pertrophy in which plasma ANPlevels are elevated chronically
(52, 53, 72, 73). The myocardial remodeling observed in these

animals is similar to that seen with other manoeuvres produc-
ing hypertrophy (74-76). The experimental protocol is well
established in our department and provides animals in which
the rate and extent of hypertrophy is very reproducible.

There is evidence that the number of NPRon platelets
(77), in blood vessels (78), and in the kidney (79) is altered in
patients and animal models with elevated circulating ANP
concentrations. Our studies of a single human heart had al-
ready suggested that the regulation of the guanylyl cyclase re-

ceptor mRNAs(NPR-A and NPR-B) might be different to that
of the NPR-CmRNA(5 1 ). This is clearly demonstrated by the
results in Fig. 5. Weobserved increases in both NPR-A and
NPR-B mRNAprevalence during the development of cardiac
hypertrophy which contrasted with the progressive decline in
NPR-CmRNAlevels. This fall in the amount of specific NPR-
C product was not due to the appearance of competitive tem-
plates during the process of hypertrophy. The changes in these
mRNAsseen in AV fistula rats did not occur during the nor-
mal growth of the heart (cf. 7- and 35-d sham-operated rat
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Figure 5. The change in prevalence of NPR-A, NPR-B, and NPR-CmRNAsduring the development of cardiac hypertrophy. NPRmRNAswere

quantified by RT-PCRusing specific primer pairs and cDNAs from cardiac chambers of AV fistula rats (open columns) and sham-operated rats
(S7, hatched columns). The amount of radioactivity (mean±SEM; n = 4 rats) in each DNAband was corrected for variation in mRNAextrac-
tion (i.e., cpm of the specific DNAband/cpm of the mRNAdot blot). There was a gradual, but striking, disappearance of NPR-C transcripts
in all chambers during the development of cardiac hypertrophy. At the same time there was a transient increase in mRNAlevels for both NPR-A
and NPR-B. *P < 0.05 or less when compared with the 7-d sham-operated values (mean±SEM; n = 4 rats).

hearts), indicating that the differences in the transcript levels
are related to the development of hypertrophy of the myocar-

dium. Wehave not attempted to compare in detail the level of
each receptor transcript at any particular time point, since dif-
ferent degrees of amplification were employed. However, it
would appear that the prevalence of NPR-B mRNAis lower
than that of the other two receptors.

Wehave not established the nature of the second major
NPR-B PCRproduct, which has not been detected previously
(51 ). On occasions we have observed a similar phenomenon
when amplifying human and rat cDNAwith NPR-C primers
(80). It is likely that these smaller DNAproducts have arisen
from truncated cDNAs generated by reverse transcription of
alternatively spliced mRNA. In general the relative abundance
of the two NPR-B products did not change during the time
course of these experiments, as was observed by Mizuno and
colleagues (81 ) with two putative alternative transcripts arising

from the bovine NPR-Cgene. Ohyamaet al. (82) have charac-
terized two NPR-BcDNAclones from rat brain which differed
by 75 bp close to the intracellular kinase-like domain. The
latter is adjacent to the guanylyl cyclase domain. When ex-

pressed on mammalian cells, the two forms of NPR-B pos-
sessed similarly high-binding affinity for CNP, but guanylyl
cyclase activity was not observed with the truncated form. The
two NPR-B products we have observed indicate the existence
of a different splice variant since the primers are directed to
sequences in the extracellular domain of the receptor.

The exact location in the heart of the NPRmRNAsde-
tected in this study is unknown, since whole pieces of myocar-
dium were used for extraction. Previous studies have shown
that the receptors are located primarily on the endocardial en-

dothelium using receptor autoradiography (45, 83), although
NPR-C mRNAhas also been detected throughout the right
atrium by in situ hybridization (50). The direct pharmacologi-
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cal effects of ANPon isolated myocytes (43-45) would indi-
cate that these receptors are also expressed by muscle cells
themselves.

NPR-C has been postulated to be involved in the clearance
of circulating natriuretic peptides (40-42). It has less stringent
ligand requirements than either NPR-A or NPR-B, binding
ANP, BNP, and CNPwith approximately equal affinity. In the
AV fistula rats, circulating ANP concentrations are elevated
(53) and are associated with a reduction in NPR-CmRNAin
the heart. One might expect a clearance receptor to be turning
over more rapidly when plasma ANPlevels are high, and the
prevalence of the mRNAfor the receptor to rise pari passu. On
the other hand, the stimulus that leads to greater ANPsecretion
may also reduce the number of clearance receptors, thus en-
hancing the biological response to the peptide. Changes in
NPR-C number on endothelial cells have been shown to be
accompanied by reductions in NPR-CmRNAlevels (84), sug-
gesting that the alteration in transcript levels we observed actu-
ally represent a decrease in the number of receptor proteins.
This would agree with evidence that the latter are less abundant
when plasma ANPis increased (77, 78). Our data can also be
interpreted as being consistent with receptor "down-regula-
tion" of the type characteristic of functional receptors, such as
PDGF-# (85) and thyrotrophin releasing hormone (86).

One mechanism by which the changes in NPR-Ctranscript
levels may occur has been suggested by the studies of Currie
and colleagues (87-90). Using ligand-receptor binding meth-
ods, they have reported the preferential down-regulation of
NPR-Cin cultured endothelial cells exposed to high ANPcon-
centrations and have reproduced the phenomenon by increas-
ing intracellular cyclic GMPwith 8-bromo-cyclic GMPand
the cyclic GMPphosphodiesterase inhibitor, M&B22948 (87-
89). In addition, in cultured vascular smooth muscle cells
NPR-C was down-regulated by elevating cyclic GMPwith so-
dium nitroprusside and by maneuvres that induce nitric oxide
synthesis (90). Thus, down-regulation of NPR-C in hypertro-
phied cardiac tissue may be mediated by changes in intracellu-
lar cyclic GMPas a consequence of up-regulation of NPR-A
and NPR-B which occurs contemporaneously. Furthermore,
loss of NPR-Cmay occur not only in response to hypertrophic
stimuli, but also in situations where nitric oxide levels are ele-
vated in vivo, such as in septicemic shock and in patients re-
ceiving long-term nitrate therapy (91 ).

NPR-A and NPR-B are thought to mediate the functional
effects of the natriuretic peptides by increasing intracellular
cGMPconcentration; the latter is associated with the majority
of biological responses to the natriuretic peptides. It is not clear
why the prevalence of NPR-A and NPR-B mRNAincreases in
cardiac hypertrophy, but we speculate that they may enhance
the biological efficacy of the natriuretic peptides to prevent an
excessive increase in cardiac mass. This may occur by a reduc-
tion in the workload of the heart, possibly by decreasing maxi-
mal cardiac contraction (44) and or by inducing early muscle
relaxation (46). The receptors may also mediate a change in
natriuretic peptide secretion. In the present study, the increase
in NPR-A and NPR-B mRNAlevels in some chambers was
only transient, perhaps representing down-regulation of the re-
ceptors due to persistant ANPstimulation and/or altered in-
tracardiac haemodynamics secondary to remodelling of the
myocardium.

In summary, there is differential regulation of the cardiac
NPRmRNAswith increasing cardiac mass in this AV fistula

model. If these changes are mirrored at the receptor level, then
they may represent an important mechanism by which the lo-
cal effects of ANPand BNPon myocardium can be regulated
independently from those in peripheral tissues. These findings
also have important therapeutic implications. There is consid-
erable interest in the pharmacological use of NPR-C specific
ligands to reduce natriuretic peptide clearance, and thus en-
hance their actions. The pathophysiological loss of NPR-C,
particularly if it is widespread, may reduce the rate of elimina-
tion of the natriuretic peptides, restricting the therapeutic po-
tential of specific NPR-C ligands. In which case, reducing the
degradation of the natriuretic peptides by inhibiting neutral
endopeptidase 24.1 1 may be a more efficacious method of in-
creasing the biological activity of these peptides.
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