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Absence of natriuretic peptide clearance receptor

attenuates TGF-b1-induced selective atrial fibrosis

and atrial fibrillation
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Aims TGF-b1 plays an important role in atrial fibrosis and atrial fibrillation (AF); previous studies have shown that the

atria are more susceptible to TGF-b1 mediated fibrosis than the ventricles. Natriuretic peptides (NPs) play an im-

portant role in cardiac remodelling and fibrosis, but the role of natriuretic peptide clearance (NPR-C) receptor is

largely unknown. We investigated the role of NPR-C in modulating TGF-b1 signalling in the atria.
....................................................................................................................................................................................................

Methods

and results

MHC-TGF-b1 transgenic (TGF-b1-Tx) mice, which develop isolated atrial fibrosis and AF, were cross-bred with

NPR-C knock-out mice (NPR-C-KO). Transverse aortic constriction (TAC) was performed in wild type (Wt) and

NPR-C knockout mice to study. Atrial fibrosis and AF inducibility in a pathophysiologic model. Electrophysiology,

molecular, and histologic studies were performed in adult mice. siRNA was used to interrogate the interaction be-

tween TGF-b1 and NP signalling pathways in isolated atrial and ventricular fibroblasts/myofibroblasts. NPR-C ex-

pression level was 17± 5.8-fold higher in the atria compared with the ventricle in Wt mice (P=0.009). Cross-bred

mice demonstrated markedly decreased pSmad2 and collagen expression, atrial fibrosis, and AF compared with

TGF-b1-Tx mice with intact NPR-C. There was a marked reduction in atrial fibrosis gene expression and AF induc-

ibility in the NPR-C-KO-TAC mice compared with Wt-TAC. In isolated fibroblasts, knockdown of NPR-C resulted

in a marked reduction of pSmad2 (56 ± 4% and 24± 14% reduction in atrial and ventricular fibroblasts, respectively)

and collagen (76 ± 15% and 35 ± 23% reduction in atrial and ventricular fibroblasts/myofibroblasts, respectively) in

response to TGF-b1 stimulation. This effect was reversed by simultaneously knocking down NPR-A but not with

simultaneous knock down of PKG-1.
....................................................................................................................................................................................................

Conclusion The differential response to TGF-b1 stimulated fibrosis between the atria and ventricle are in part mediated by the

abundance of NPR-C receptors in the atria.
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Keywords Natriuretic peptide receptor • Transforming growth factor-beta1 • Transverse aortic constriction • Cardiac

fibrosis • Atrial fibrillation

1. Introduction

Atrial fibrillation (AF) is the most commonly encountered cardiac ar-

rhythmia in clinical practice and is a significant cause of morbidity.1 AF is

associated with increased atrial fibrosis in both humans2–4 and in multiple

animal models of AF.5–11 We have previously demonstrated an increase

in AF vulnerability in a transgenic mouse model overexpressing TGF-b1

(myosin heavy chain promoter driven transgene of constitutively active

TGF-b1) with isolated atrial fibrosis.9,12 In addition, we have previously

demonstrated in a canine tachycardia pacing-induced heart failure model,

in which atrial fibrosis leads to AF, treatment with the anti-fibrotic agent

Pirfenidone reduces TGF-b1 expression, prevents atrial fibrosis, and pre-

vents AF vulnerability.6 The TGF-b1 pathway appears to be important in

human AF as well.13 Interestingly, in all of the above-mentioned animal

models of AF, there is isolated atrial fibrosis. In the ventricular tachycar-

dia pacing-induced heart failure model of AF, there is profound, progres-

sive and irreversible atrial fibrosis, with minimal ventricular fibrosis, and

reversible ventricular dysfunction.10,14 In our TGF-b1 transgenic (TGF-

b1-Tx) mouse, there is equal expression of the transgene in the atria and

the ventricle, but only fibrosis in the atria.9,13 Similarly, in humans with

* Corresponding author. Tel: þ1 415 476 1325; fax: þ1 415 476 9802, E-mail: jeffrey.olgin@ucsf.edu
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severe heart failure, there is marked increase in TGF-b1 expression and

signalling in the atria (but not ventricle) and atrial fibrosis.13,15We sought

to determine whether the natriuretic peptide (NP) system may play a

role in modulating this differential response to TGF-b1-induced fibrosis.

Atrial natriuretic peptide (ANP), B type natriuretic peptide (BNP), and

C type natriuretic peptide16 have each been shown to antagonize the

pro-hypertrophic and pro-fibrotic actions of TGF-b1, AngII, and ET-1 in

cardiac myocytes and fibroblasts, either in vivo or in vitro.17 It has been also

demonstrated that the NP/cGMP/PKG pathway exerts its anti-fibrotic ac-

tion in isolated cardiac fibroblast by counteracting TGF-b1 signalling.18 In

addition, deletion of the BNP gene17 or that of its cognate receptor NPR-

A in the mouse heart is associated with increased interstitial fibrosis.19

ANP can inhibit the renin-angiotensin system, prevents fibrosis, and sup-

presses TGF-b1 expression,20 and BNP has been shown to antagonize

TGF-b-dependent pro-fibrotic activity in cultured cardiac fibroblasts.21

The majority of NP signalling in the heart is thought to occur via the NPR-

A receptor, which is relatively abundant in both the atria and ventricle;

however, the natriuretic peptide clearance (NPR-C) receptor, which

functions predominantly as a clearance receptor22 has markedly different

expression patterns in the atria compared with the ventricle. At the cellu-

lar level, NP receptors have been previously shown to be expressed in

ventricular myocytes and ventricular fibroblasts, but have not been well

studied in atrial fibroblasts.23,24 In this study, we tested the hypothesis that

the differential expression of the NPR-C in the atria and the ventricle, in

part contribute to the differential response to TGF-b1 stimulation be-

tween atria and ventricles. Furthermore, we hypothesize that knocking

out NPR-Cwill protect the atria from TGF-b1-induced fibrosis and AF.

2. Methods

The data, analytic methods, and study materials will be/have been made

available to other researchers for purposes of reproducing the results or

replicating the procedure upon request.

2.1 Animals
All studies were approved and monitored by the UCSF Laboratory Animal

Resource Center and conformed to the ‘Guide for the Care and Use of

Laboratory Animals’ (National Institutes of Health publication, 8th Edition,

2011). MHC-TGFcys33ser (TGF-b1-Tx)9,12,13 and NPR-C-KO25 mice

were generated and bred as previously described. Cross-bredwere made by

crossing TGF-b1-Txþ/- with NPR-C-/- mice. Offspring underwent genotyp-

ing using PCR of DNA isolated from tail biopsies. The following groups of

littermate mice (F2) were studied in a blinded fashion: (i) wild type (Wt), (ii)

Tx, (iii) NPR-C-/-, (iv) Txþ/þ/NPR-Cþ/-, and (v) Txþ/þ/NPR-C-/-. A trans-

verse aortic constriction (TAC) model of the left ventricular overload

made onWt andNPR-C-/-mice (age of 9–12weeks) using a minimally inva-

sive transverse aortic binding technique. After anaesthetized by inhalation

of 1.5% isoflurane of oxygen with a face mask, the mice were placed supine

and body temperature is maintained at 37�C on a heating pad.

Buprenorphine (60mg/kg) and ketoprofen (5mg/kg) are given subcutane-

ously 10min prior to surgery.26,27 For both electrophysiology studies and

molecular experiments, 16weeks of age, mice were studied.

2.2 Tissue histology
Histology and fibrosis quantification was performed as previously de-

scribed.9 Whole hearts were sectioned, fixed, and stained with Sirius

red/fast green. Fibrosis was quantified by measuring red pixel content of

digitized photomicrographs relative to total tissue area.

2.3 Mouse echocardiography
Both control and TACmice were examined by non-invasive transthoracic

echocardiography during baseline and 8weeks post-TAC surgery using

previously described methods.28 Two-dimensional echocardiography was

performed using a high-resolution echocardiography system (Vevo 770,

VisualSonics, Toronto, Canada), equipped with a 30MHz transducer.

LV interventricular septal thicknesses, LV internal dimensions, and poste-

rior wall thicknesses at diastole and systole were measured at the level of

the papillary muscles to determine the left ventricular end-systolic and

end-diastolic volumes, left ventricular ejection fraction (EF), and fractional

shortening.

2.4 Mouse electrophysiology studies
2.4.1 Optical mapping

Optical mapping was performed on Langendorff perfused hearts using a

100� 100 CMOS camera (Ultima, SciMedia) within a 5� 5mmmapping

field focused on the atria, as previously described.9,29Mice were injected

with heparin (10U/g) and euthanized with Urethane (2 g/kg). The heart

was rapidly excised and harvested in cold cardioplegia solution. The

aorta was cannulated and perfused at a pressure of 80mmHg with modi-

fied Krebs–Henseleit solution. Pacing electrodes were sutured to each

of the right atrium and left atrium. The cannulated heart was then placed

in 37�C Tyrode solution in a temperature-controlled optical recording

chamber (maintained at 37�C). The hearts were perfused with Tyrode

solution containing the voltage-sensitive dye di-4-ANEPPS (10lL of

2.5mM stock). Contractility was blocked using 5lM blebbistatin.

Optical maps were acquired at 1000Hz during programmed electrical

stimulation and were recorded during pacing drives of 150, 120, 90, 80,

and 60ms. The effective refractory period (ERP) was determined in the

left atria (LA) and right atria (RA) during S1–S2 pacing with a basic (S1)

pacing cycle length (PCL) of 100ms for 2 s, followed by a single extrasti-

mulus (S2), progressively decremented by 2 ms intervals from 50ms

until loss of capture. AF inducibility was further tested by burst pacing

for 2 s, with a cycle length ranging from 40 to 20 ms with a 2 ms decre-

ment. AF was defined as a period of rapid irregular atrial rhythm

lasting at least 2 s. Optical mapping data was analysed as previous de-

scribed13,30,31 using OMproCCD software (courtesy of Bum-rak Choi,

Providence, RI, USA) and custom developed analyses software

using MatLab. Isochronal activation maps, conduction velocity (using

velocity vectors), and conduction heterogeneity were analysed as

described previously.5,13,32 For conduction heterogeneity, phase differ-

ences were calculated as average differences with neighbouring activa-

tion times at each site. Frequency histograms were then constructed

for phase differences within a recorded area. These histograms were

summarized as phase time at the 5th (P5), 50th (P50), and 95th percen-

tiles (P95) of the distribution. To quantify conduction heterogeneity, we

calculated the conduction heterogeneity index, defined as (P95-P5)/

P50.33 The action potential duration (APD) at 80% repolarization

(APD80) was measured for each of the optical action potential.

2.4.2 Transoesophageal electrophysiological study

AF inducibility studies on intact animals were performed in control and

TACmice as previously described.13 For these studies, transoesophageal

electrophysiology studies (using a 4 Fr quadripolar catheter)13 in anaes-

thetized mice were performed to allow sequential comparison before

and after TAC. Mice were anaesthetized and surface (standard limb

leads), and oesophageal ECGs were recorded. Inducibility of atrial

arrhythmias was tested by transoesophageal burst pacing to capture the
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atria (but not ventricle), for 2 s, with a cycle length ranging from 40 to

20ms with a 2 ms decrement. AF was defined as a period of rapid irregu-

lar atrial rhythm lasting at least 2 s.

2.5 Molecular studies
The mice were injected with heparin (10U/g) and euthanized with

Urethane (2 g/kg) intraperitoneal (IP) injection and the heart was re-

moved. Protein and RNAwere isolated separately from the atria and the

ventricles from 10 mice in each group above. Total protein (30mg) was

electrophoresed on 4–12% Tris-Glycine-polyacrylamide gels and trans-

ferred onto polyvinylidene difluoride membrane. Membranes were incu-

bated with rabbit polyclonal antibody against the proteins shown in

Supplementary material online, Table S1. Mouse monoclonal anti-

GAPDH antibody at 1:5000 dilutions was used to detect GAPDH as a

loading control. Membranes were then incubated with horseradish

peroxidase-conjugated goat anti-mouse antibody or goat anti-rabbit anti-

body for 1 h, and then washed with Tris-buffered saline/Tween. Blots

were immersed for 2min in enhanced chemiluminescence detection re-

agent, exposed to film and quantified by densitometry (standardized to

the GAPDH band). Antibodies directed against Smad2/3, phospho-

Smad2, and secondary antibody goat anti-rabbit were purchased from

Millipore (MA, USA). Anti-PKG-1 antibody and anti-TGF-b1 antibody

were from Cell Signaling Inc. (MA, USA). Anti-GAPDH and secondary

antibody goat anti-mouse were purchased from Santa Cruz

Biotechnology (CA, USA).

Total RNA isolated from mice were analysed by qRT-PCR. A 1 mg of

RNA was used to reverse transcribe cDNA (Clontech, CA, USA). The

targeting genes (Supplementary material online, Table S2) and GAPDH

were synthesized by Applied Biosystems (CA, USA). Real-time PCR was

performed using Taqman master mix (Applied Biosystems, Inc.) with an

ABI 7300 (Applied Biosystems, Inc.). Negative controls without input

cDNA were used to assess signal specificity. All gene transcript levels

were quantified and normalized for GAPDH transcript levels in each sam-

ple. Equivalent amounts (0.5mL) of cDNAwere used for measurement of

targeting genes and GAPDH gene transcripts. All samples were amplified

in triplicate. Relative quantification was achieved by the comparative

2–DDCt method.34 The relative increase/decrease (fold-induction/repres-

sion) of mRNA of target x in the experimental group was calculated using

the control group as the calibrator 2-Ct, where cycle threshold (Ct) are:

{Ct.x[Tx] - Ct.GAPDH[Tx]} - {Ct.x[Wt] - Ct.GAPDH[Wt]}, {Ct.x[Wt-TAC] -

Ct.GAPDH[Wt-TAC]} - {Ct.x[Wt] - Ct.GAPDH[Wt]}, {Ct.x[NPR-C-KO-TAC] -

Ct.GAPDH[NPR-C-KO-TAC]} - {Ct.x[NPR-C-KO] - Ct.GAPDH[NPR-C-KO]}

and {Ct.x[A-Fibs] - Ct.GAPDH[A-Fibs]} - {Ct.x[V-Fibs] - Ct.GAPDH[V-Fibs]}.

2.6 cGMP measurements in tissue
For cGMP measurements, hearts from each group (n=5) were weighed

and homogenized in 10 volumes of cold 5% trichloroacetic acid using a

polytron homogenizer. Samples were centrifuged at 1500�g for 10min

and the supernatants were then extracted using water-saturated ether.

cGMP was measured in acetylated supernatants using an EIA kit, accord-

ing to the manufacturer’s instruction (Cayman Chemical). cGMP content

is expressed as pmol/mL wet tissue.

2.7 Studies in isolated fibroblasts
In order to further interrogate molecular pathways involved in NPR-C reg-

ulation of TGF-b1-induced fibrosis, isolated fibroblasts were used. Specific

parts of the NP signalling pathway were modified using siRNA and cells

were exposed to TGF-b1 with a readout of pSmad-2 and collagen

production. The mice were injected with heparin (10U/g) and euthanized

with urethane (2 g/kg) IP injection and the heart was removed. Fibroblasts

were separately isolated from atria and ventricles of adult mouse hearts

and liver with digestion PBS buffer (containing 1mg Collagenase B, 1mg

Trypsin, and 0.015mg DNAase in 1mL PBS). All tissues were kept on ice

and washed with PBS more than three times, then minced into 2–3mm

sized pieces. Minced tissues were digested at 37�C for 10min, and then

washed with 10mL of foetal bovine serum (FBS). After tissue was fully

digested by repeating this procedure, the suspension was filtered with a

50mm strainer. The filtered suspension was then spun at 1200 rpm for

5min and the pellet was placed in Dulbecco’s modified Eagle’s medium

(DMEM) H-21 supplemented with 5–20% FBS. Cells were then incubating

at 37�C for 24h prior to exposure to TGF-b or siRNA. Fibroblasts were

maintained in serum-free media (DMEM) H-21 for 72h prior to experi-

ments. All experiments were performedwith primary cultured cells.

For experiments involving knocking down RNA, cells were treated

for 48h with 45 pmol/mL siRNA (Supplementary material online, Table

S3 and Figure S3). Serum-starved cells were exposed to 5 ng/mL rhTGF-

b1 (R&D, MN, USA) for 24h following the siRNA treatment. Cells were

then lysed (1 � RIPA buffer for protein and using Qiagen RNeasy Mini

Kit for RNA isolation) for immunoblotting and qRT-PCR, as described

above. All RNA knock-downs were confirmed using qRT-PCR and

immunoblotting.

2.8 Statistical analysis
One-way ANOVA with Tukey’s multiple comparisons test and t-test

were used to assess significance for continuous variables. The propor-

tion of mice with AF inducibility was analysed using the Pearson v2

among groups.

3. Results

3.1 Mouse histology studies
Cardiac histology demonstrated the expected increase in atrial fibrosis

without any increase in ventricular fibrosis in TGF-b1-Tx mice compared

withWt (Figure 1A), as previously reported.9,12,13 The ventricle in all of the

mouse models and intercrosses showed no morphologic abnormalities

and demonstrated no increase in fibrosis compared with Wt. Consistent

with the collagen expression data (see below), there was no significant in-

crease in fibrosis in the atria or ventricles of the NPR-C-KO mice. In addi-

tion, the TGF-b1-Tx/NPR-C-KOh and TGF-b1-Tx/C-KO intercrosses

demonstrated an attenuation of atrial fibrosis compared with TGF-b1-Tx

mice (Figure 1A and B). Sirius red/fast green staining of sections from post-

TAC hearts revealed a greater degree of chamber enlargement and fibrosis

in Wt when compared with NPR-C-KO mice, particularly in the LA and

LV (Supplementary material online, Figure S4). The a-SMA staining of sec-

tions from post-TAC hearts shown much higher expression level of

a-SMA inWt-TAC-LA compare to all other sections (Supplementary ma-

terial online, Figure S4). In western blot, the a-SMA protein expression level

is less in NPR-C-KO-TAC-LA compared with Wt-TAC-LA, but this was

not statistically significant compared with NPR-C-KO-LA (Figure 5).

3.2 Comparison of cardiac function
betweenWt and NPR-C-KO mice
after TAC
There was no differences in cardiac function or size between NPR-C-KO

and Wt without TAC. Likewise, there were no differences in cardiac

Role of NPR-C in atrial fibrosis and AF 359
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function or size between TGF-b1-Tx or intercrosses. BothWt and NPR-C-

KO mice developed heart failure 8weeks post-TAC surgery. There was no

difference in EF at baseline betweenWt-TAC and NPR-C-KO-TAC groups

(EF: 71.5± 3.4% vs. 81.0± 2.23%). The EF was significantly decreased after

TAC (EF: 71.5± 3.4% vs. 39.17± 4.6% in Wt group, and 81.0± 2.23% vs.

49.55± 5.06% in NPR-C-KO group, P<0.01) and there was no significant

difference in the EF between Wt and NPR-C-KO group after TAC

(Figure 2A, Supplementarymaterial online, Figure S4E and Table S4).35

Figure 1 Histology of Wt and the TGF-b1-Tx, NPR-C knockout, and TGF-b1-Tx cross NPR-C-KO model. (A) Sirius red/fast green staining of both

atria and ventricle from Wt (n=10), TGF-b1-Tx (n=10), NPR-C (n=10), and TGF-b1-Tx/NPR-C-KO (n=10) mice. Magnified view of atria (upper

panel) and ventricle (lower panel), photomicrographic magnifications are �200. (B) Quantification of fibrosis, one-way ANOVA Tukey’s multiple com-

parisons test used to produce the P values.
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Figure 2 Echocardiography and electrophysiologic properties. (A) Left ventricular EF determined by echocardiography ofWt (n=10) and NPR-C-KO (n=10)

mice at baseline (before TAC) and 8weeks after TAC. (B) AF inducibility in cross-bredmice among groups of theWt (n=15), Tx (n=15), KO (n=15) mice, Tx/

KOhmice (n=15), and Tx/KOmice (n=15).Wt, wild type; Tx, TGF-b1 transgenic; KO,NPR-C-/- knock out; Tx-KOh, TGF-b1þ/þ transgenic withNPR-Cþ/- het-

erozygous knockout; Tx-KO, TGF-b1þ/þ transgenic with NPR-C-/- homozygous knockout. (C) AF inducibility of Wt (n=15) and NPR-C-KO (n=10) mice at

baseline and 8weeks post-TAC. Lower number of total mice at 8weeks reflects mortality from TAC surgery in each group. §P<0.05 compared with NPR-C-KO

mice in TAC groups. AF, atrial fibrillation; TAC, transverse aortic constriction. (D) Representative isochronal activation maps of LA and RA from different groups.

The isochronic maps of the RA and LA from TGF-b1-Tx mice and LA from TGF-b1-Tx/NPR-C-KOh mice show crowding and heterogeneous conduction pat-

tern compared with those from other mice. (E) Conduction velocity of LA and RA from different groups. þP< 0.05, Tx/NPR-C-KO vs. TGF-b1-Tx/NPR-C-KOh, TGF-

b1-Tx; n=15. **P<0.01, NPR-C-KO vs. TGF-b1-Tx/NPR-C-KOh, TGF-b1-Tx; #P< 0.05, TGF-b1-Tx vs. Wt. ##P< 0.01, Wt vs. TGF-b1-Tx/NPR-C-KOh, TGF-b1-Tx;
þþP< 0.01 TGF-b1-Tx/NPR-C-KO vs. TGF-b1-Tx/NPR-C-KOh, TGF-b1-Tx. (F) Conduction heterogeneity index of LA and RA from different groups. *P< 0.05, TGF-

b1-Tx vs. TGF-b1-Tx/NPR-C-KO, NPR-C-KO, andWt; #P< 0.05, TGF-b1-Tx/NPR-C-KOh vs. NPR-C-KO; þP< 0.05, NPR-C-KO vs. TGF-b1-Tx; one-way ANOVA Tukey’s

multiple comparisons test used to produce the P values and the proportion of mice with AF inducibility was analysed using the Pearson v2 among groups.
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3.3 Mouse electrophysiology studies
Similar to our previous studies, AF inducibility was significantly higher in

TGF-b1-Tx mice compared with Wt control mice (93.3% vs. 20%,

P<0.001) as shown in Figure 2B. NPR-C-KO mice had no increased vul-

nerability to AF (6.7%) compared withWt (20%, P=NS). Cross-bredmice

in which NPR-C was knocked out in one (TGF-b1-Tx/NPR-C-KOh) or

both (TGF-b1-Tx/NPR-C-KO) alleles had reduced AF inducibility (33.3%

and 13.3%, respectively) compared with TGF-b1-Tx mice with intact

NPR-C genes (93.3%, P<0.0001), as shown in Figure 2B.

Conduction velocities determined by optical mapping were lower in

both the LA and RA of TGF-b1-Tx mice compared withWt control mice

at all PCL (P<0.01), as shown in Figure 2D and E. NPR-C-KO mice had

similar conduction velocities to that of Wt control mice at all PCLs

(P=NS). In the cross-bredmice, knocking out one NPR-C allele (TGF-b1-

Tx/NPR-C-KOh), did not have a significant effect of conduction velocity

compared with TGF-b1-Tx mice at any PCL (P=NS) as shown in

Figure 2E. However, cross-bred mice with the TGF-b1 transgene and both

NPR-C alleles knocked out (TGF-b1-Tx/NPR-C-KO), had conduction ve-

locities similar to Wt and NPR-C-KO (without TGF-b1 transgene) mice

(P=NS).

Conduction heterogeneity, a marker of AF substrate as previously

reported,9 was significantly increased in Tx mice compared with Wt at

all PCLs (P<0.05), as shown in Figure 2F. Conduction heterogeneity was

similar in NPR-C-KO mice compared with Wt (P=NS). Decreased or

elimination of NPR-C appeared to improve the increased conduction

heterogeneity in those mice with the TGF-b1 transgene in a dose depen-

dent fashion (Figure 2D and F). TGF-b1-Tx/NPR-C-KO with both NPR-

C alleles knocked out had conduction heterogeneities similar to those

mice without the TGF-b1 transgene (Wt and NPR-C-KO) across all pac-

ing rates. TGF-b1-Tx/NPR-C-KOh with a single NPR-C allele knocked

out had conduction velocities intermediate between TGF-b1-Tx and

Wt mice across all paced rates.

There were no differences in ERP amongst any of the mouse models

in the right atrium (Supplementary material online, Figure S1A).

However, in the LA, the ERP of all the models with NPR-C knocked out

(NPR-C-KO=34.00± 5.61, TGF-b1-Tx/NPR-C-KOh=33.16± 7.55,

and TGF-b1-Tx/NPR-C-KO=35.50± 7.06) had ERPs that were similar

and were significantly longer than Wt (24.5± 8.72) and TGF-b1-Tx

(27.87± 4.50) (P<0.01 and P<0.05, respectively). APDs (APD10,

APD50, and APD80) and dF/dt were not different when compared

within LA or RA among the five groups (showing in Supplementary ma-

terial online, Figure S1A–D).

3.4 AF inducibility in mice after TAC
To determine whether modulation of fibrosis by NPR-C-KO identified

in our transgenic mouse module can be reproduced in a pathophysio-

logic model of AF vulnerability, we studied AF inducibility before and

8weeks after TAC. AF inducibility was significantly higher in the Wt

group than in NPR-C-KO group 8weeks after TAC (60% vs. 0%,

P<0.05) (Figure 2C). There was no difference in AF inducibility between

Wt and NPR-C-KO group at baseline prior to TAC.

3.5 Mouse molecular studies
3.5.1 Absent NPR-C increasing activation of NPs and

prevent TGF-b1-induced cardiac fibrosis

mRNA levels of the NP receptors were vastly different in the atria com-

pared with the ventricle (Figure 3). NPR-A expression was two-fold

higher in the Wt-Atria compared with Wt-Ventricle. NPR-B expression

was 1.5-fold higher in theWt-Atria compared with Wt-Ventricle. NPR-C

expression was more than 40-fold higher in the Wt-Atria compared

with the ventricle. None of the receptor expression was significantly al-

tered in the ventricle of the TGF-b1-Tx mice. However, NPR-A and

NPR-B expression was increased, whereas NPR-C was decreased in

the atria of TGF-b1-Tx mice. Even with the decrease, NPR-C remained

more than 20-fold higher in the TGF-b1-Tx atria compared with TGF-

b1-Tx ventricle. As expected, the NPR-C-KO mice had very low levels

of NPR-C detected by qRT-PRC and no change in the other receptors.

Western blots confirmed these differences in NPR-C expression at

the protein level (Figure 4).

Expression of the three different NPs are shown in Figure 3. In general,

all NP’s mRNA are expressed in higher levels in the atria than the ventri-

cle and the NPR-C-KO mice have a marked increase in ANP and BNP

mRNA expression in the atria compared with the ventricle. ANP and

BNP mRNA were somewhat increased in TGF-b1-TxA compared with

Wt-Atria. There was an increase in cGMP level in the atria of those mice

without NPR-C compared with those with NPR-C (Supplementary ma-

terial online, Figure S2), demonstrating increased NPR-A signalling in

those mice. PDE5A mRNA was significantly increased in TGF-b1-Tx

atria compared with Wt, but there were no differences in PDE5A

mRNA in the ventricle amongst the groups. TGF-b1 overexpression in-

creased PDE5A mRNA in the atria regardless of the presence of NPR-C

(Figure 3).

As expected, collagen-1 and LoxmRNA expression were increased in

the TGF-b1-TxA compared with WtA and to TxV (Figure 3). The NPR-

C-KO mice had no difference in mRNA expression of collagen-1 or Lox

in the atria or ventricle compared with Wt (Figure 3). The intercross of

TGF-b1/Tx and NPR-C-KO demonstrated a decrease in collagen-1

mRNA expression in the atria of those mice heterozygous for the NPR-

C deletion (TGF-b1-Tx/NPR-C-KOh) and a further reduction in those

mice homozygous for the NPR-C deletion (TGF-b1-Tx/NPR-C-KO)

compared with the TGF-b1-TxA, as shown in Figure 3. There were no

differences in collagen-1 or Lox mRNA in the ventricle amongst any of

the mice (Figure 3 and Supplementary material online, Figure S5). Protein

levels of collagen-1 paralleled findings frommRNA analyses, with marked

increase in collagen-1 protein in TGF-b1-TxA and an attenuation of this

increase in the TGF-b1-Tx/NPR-C-KOh and TGF-b1-Tx/NPR-C-KO

mice (Figure 4). A similar pattern is seen with levels of pSmad2, a pivotal

signalling step for the canonical TGF-b1 pathway (Figure 4); pSmad2 is in-

creased in the TGF-b1-TxA, but not in TGF-b1-TxV. NPR-C-KO mice

have no increase in pSmad2 in either the atria or ventricle. The inter-

cross of TGF-b1-Tx and NPR-C-KO mice yields an attenuation of

pSmad2 in the atria, with a decrease in the TGF-b1-Tx/NPR-C-KOh

mice and further decrease in the TGF-b1-Tx/NPR-C-KO mice com-

pared with the TGF-b1-TxA (Figure 4), There were no changes to the

TGF-b receptors TGFbR-I and TGFbR-II in the ventricle between any of

the models. TGFbR-I was increased in the atria of TGF-b1 overexpress-

ing transgenic mouse model, but this increase was attenuated with het-

erozygous and homozygous deletion of NPR-C in a step-wise fashion in

the cross-bred models. There was no significant differences in TGFbR-II

expression amongst any of the models. All of this molecular data demon-

strates an attenuation of TGF-b1 signalling in those transgenic intercross

mice not expressing NPR-C. There were no differences in overall

Smad2/3 expression in the atria in any of the mouse models (Figure 4).

As expected, all mice overexpressing TGF-b1 had a decrease in the in-

hibitory Smad7 in the atria but not in the ventricle (Figure 4).
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Figure 3 mRNA expression level of natriuretic peptides, receptors, and fibrosis-related genes in murine atrial and ventricular tissue. mRNA was mea-

sured from Wt, Tx, NPR-C-KO, and Tx cross-bred with NPR-C knockout (TGF-b1-Tx/NPR-C-KO) were determined by qRT-PCR isolated from both

atrial and ventricular tissues of mouse heart in each of five different groups of mice. n=5; one-way ANOVA Tukey’s multiple comparisons test used to

produce the P values.
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Figure 4 Fibrosis-related protein levels in atrial and ventricular tissue of cross-bred mice. Wt, Tx, NPR-C-KO, and Tx cross NPR-C-KO were deter-

mined by western blot. (A) Western blot analysis with anti-Col-1, anti-NPR-C, anti-pSmad2, anti-Smad2/3, anti-Smad7, and anti-GAPDH in both atrial

and ventricular tissues of mouse heart with five different groups of mice. (B) Pooled data from five independent western blot analyses (all results normal-

ized for GAPDH). Wt, wild type; Tx, TGF-b1 transgenic; KO, NPR-C-/- knock out; Tx-KOh, TGF-b1þ/þ transgenic with NPR-Cþ/- heterozygous knock-

out; Tx-KO, TGF-b1þ/þ transgenic with NPR-C-/- homozygous knockout; one-way ANOVA Tukey’s multiple comparisons test used to produce the

P values.
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3.5.2 NPR-C knockout blunts TGF-b1 signalling and atria

fibrosis in TAC model

Similar to our findings in our TGF-b1-Tx mice, downstream TGF-b1 sig-

nalling and fibrosis were inhibited by absence of NPR-C in TACmice. As

expected, NPR-C was absent in the ventricle of both Wt and NRP-C-

KO-TAC mice and the atria of NPR-C-KO -TAC mice. The protein ex-

pression level of FN1, Periostin, a-SMA, and pSmad2

increased much less in NPR-C-KO-TAC than Wt-TAC-LA (Figure 5B

and C), and Collagen-1 showed a smaller increase at both the mRNA

and protein level compare to Wt-TAC-LA (Figure 5A). Interestingly,

NPR-A was decreased at the mRNA level in both RV and LV of Wt-

TAC compared withWt control, whereas it increased in the LV of NPR-

C-KO-TAC vs. NPR-C-KO without TAC. Moreover, BNP mRNA level

also increased dramatically in both RV and LV of NPR-C-KO-TAC, but

only LV of Wt-TAC increased significantly compared with Wt. Another

interesting finding is that mRNA level of NPR-C is significantly elevated

in both RV and LV ofWt-TACmice (ventricular comparison data show-

ing in Supplementary material online, Figure S6).

3.6 Isolated fibroblasts studies
3.6.1 siRNA-NPR-C knockdown prevents TGF-b1-induced

fibrotic changes of cardiac fibroblasts/myofibroblasts

To further identify the mechanism of NPR-C modulation on TGF-b1-in-

duced fibrosis and to better characterize differences in cardiac fibro-

blasts from the atria and ventricle, isolated fibroblasts/myofibroblasts

were studied. As can be seen in Figure 6, mRNA of NPR-A and NPR-C

are expressed 3.49-fold and 3.48-fold higher in atrial fibroblasts/myofi-

broblasts compared with ventricular fibroblasts/myofibroblasts, respec-

tively (P<0.0001). This is also seen at the protein level, where NPR-C

protein is 16-fold higher in isolated atrial fibroblasts/myofibroblasts com-

pared with isolated ventricular fibroblasts/myofibroblasts or liver fibro-

blasts/myofibroblasts used as a non-cardiac control (Figure 7). To further

compare, the differential response of atrial and ventricular fibroblasts/

myofibroblasts to TGF-b1 stimulation, we determined the protein ex-

pression level of FN1, Periostin and a-SMA. Both FN1 and Periostin are

significantly higher in atrial fibroblasts vs. ventricular fibroblasts/myofi-

broblasts. a-SMA is higher in atrial fibroblasts/myofibroblasts, but not

statistically significant (Figure 7). Knocking downNPR-Cwith siRNA, dra-

matically blunted the TGF-b1 induced increase in pSmad2 and Collagen-

1 effect (Figure 8) in either atria or ventricular fibroblasts/myofibroblasts

(Figures 6 and 8).

3.6.2 NPR-C and TGF-b1 crosstalk differences in

atrial-ventricular fibroblast/myofibroblasts occurs

indirectly through NPR-A signalling

Knocking down NPR-A with siRNA, resulted in an increase in pSmad2

without TGF-b1 stimulation and an exaggerated response to TGF-b1

stimulation in both atrial and ventricular fibroblasts/myofibroblasts

(Figure 8), though the responses were more dramatic in the atrial fibro-

blasts/myofibroblasts. Likewise, knocking down NPR-A resulted in an in-

crease in collagen-1 production with and without TGF-b1 stimulation in

both the atrial and ventricular fibroblasts/myofibroblasts (Figure 8). In or-

der to determine whether the modulation of TGF-b1 signalling by NPR-

C occurred directly through NPR-C or indirectly via NPR-A/PKG-1 (by

decreasing NP clearing and thus more availability for NPR-A inhibition of

TGF-b1 signalling), we simultaneously knocked out both NPR-C and

PKG-1 or NPR-C and NPR-A in cardiac fibroblasts isolated from mouse

atria and ventricle (Figure 8A–D). When PKG-1 was knocked down,

pSmad2 increased and increased significantly more than normal fibro-

blasts when the cells were stimulated with TGF-b1 (Figure 8A and B). In

addition, when PKG-1 and NPR-C were simultaneously knocked down

there was no increase in pSmad2 at baseline and the pSmad2 increased

in response to TGF-b1 stimulation, was significantly blunted. Effects on

Collagen-I protein were similar and paralleled that of pSmad2 (Figure 8).

However, when NPR-C and NPR-A was simultaneously knocked down,

the antifibrotic effects of NPR-C knock-down was eliminated as demon-

strated by enhanced Col-1 and pSmad2 production in response to

TGFb-1 stimulation (Figure 8A and B). In other words, the blunting effect

of knocking down NPR-C on TGF-b1 stimulation of pSmad production

was eliminated when NPR-A was simultaneously knocked down

(Figure 8), but not when PKG-1 was knocked down. These findings oc-

curred in both atrial fibroblasts/myofibroblasts and ventricular fibro-

blasts/myofibroblasts, but were more pronounced in the atrial

fibroblasts/myofibroblasts (Figure 8C and D).

4. Discussion

The major findings from our study include: (i) NPR-C expression levels

are significantly higher in atrial tissues and atrial fibroblasts/myofibro-

blasts compared with the ventricle and ventricular fibroblasts/myofibro-

blasts; (ii) absence of NPR-C reduces TGF-b1-induced atrial fibrosis (and

prevents the resultant substrate for AF) in two mouse models (TGF-b1-

Tx and in a TAC model) as well as TGF-b1 signalling and collagen pro-

duction in atrial fibroblasts/myofibroblasts; (iii) the mechanism by which

NPR-C appears to ‘enhance’ atrial response to TGF-b1 occurs via sup-

pression of NPR-A/cGMP signalling since simultaneously knocking down

NPR-A eliminated the inhibitory effect of knocking down NPR-C on

TGF-b1 signalling; and (iv) the selective atrial fibrosis that occurs with

TGF-b1 exposure either in our mouse models or in isolated fibroblasts/

myofibroblasts may in part be accounted for by the dramatically higher

levels of NPR-C present in atria (and atrial fibroblasts/myofibroblasts)

which, at least in part, blunts the antifibrotic effects of NPR-A activation.

4.1 The significance of absent NPR-C in
preventing atrial fibrosis and AF
Interestingly, investigators have shown that human fibroblasts from dif-

ferent sites of skin displayed distinct and characteristic transcriptional

patterns.36 Previous studies have demonstrated the atria are more sus-

ceptible to fibrosis than that the ventricle. In models of reversible heart

failure produced by tachy-pacing, the atria become profoundly fibrotic

and have a vulnerable substrate to AF5,6; moreover, there is minimal ven-

tricular fibrosis,10 and when the pacing is stopped, the LV function

returns to normal, yet atrial fibrosis, and fibrillation remain.37 Other ani-

mal models of AF which mimic disease conditions predisposing to AF

show similar patterns of isolated atrial fibrosis such as the ovine chronic

HTN model7; an ovine obesity model,8 and a rat obstructive sleep ap-

noea model.38 Moreover, our transgenic mouse model, which overex-

presses TGF-b1 at similar levels in the atria and ventricle (via a MHC-

driven promoter) produces isolated atrial fibrosis and AF.13 Accornero

et al.39 demonstrated similar results—increased fibrotic changes in the

atria compared with the ventricle—in an inducible TGF-b1-overexpres-

sion model. Moreover, there is evidence that fibroblasts from atria are

phenotypically different than those from the ventricle.11,13 Our previous

studies in tissues from humans with heart failure suggest that TGF-b1 is

important in human AF and that heart failure patients have a selective in-

crease in atrial TGF-b1, paralleling findings in multiple animal studies.13
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Figure 5 mRNA and protein levels of natriuretic peptides, receptors, and fibrosis-related genes in atrial and ventricular tissue of TAC mice. Wt, Wt-

TAC, NPR-C-KO, and NPR-C-KO-TAC were determined by qRT-PCR. (A) The mRNA expression levels of natriuretic peptide system and Collagen-1 in

both atrial and ventricular tissues of mouse heart with five different groups of mice are shown. (B) Wt, Wt-TAC, NPR-C-KO, and NPR-C-KO-TAC were

determined by western blot. western blot analysis with anti-FN1, anti-Col-1, anti-Periostin, anti-NPR-C, anti-TGFbR-I, anti-TGFbR-II, anti-pSmad2, anti-

Smad2/3, anti-a-SMA, and anti-GAPDH in both atrial and ventricular tissues of mouse heart with five different groups of mice. C, control; TAC, transverse

aortic constriction. (C) Summary data from western blot analyses using densitometry (all results normalized for GAPDH). n=5; one-way ANOVA Tukey’s

multiple comparisons test used to produce the P values.
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Figure 6 mRNA levels of natriuretic peptides, receptors, and fibrosis-related genes in response to rhTGF-b1 stimulation and NP receptor knockdown

in isolated atrial and ventricular fibroblasts/myofibroblasts. qRT-PCR analysis of mRNA levels normalized to GAPDH in the absence or in the presence of

an siRNA sequence specific for NPR-A and NPR-C of NP system genes and fibrosis-related genes. rh, recombinant human. n=5; one-way ANOVA

Tukey’s multiple comparisons test used to produce the P values.
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.The current study further demonstrates physiologic and molecular dif-

ferences between atrial fibroblasts/myofibroblasts and ventricular fibro-

blasts/myofibroblasts. Our data suggests that the abundance of NPR-C

in the atria and atrial fibroblasts may contribute to this differential re-

sponse in atrial (compared with ventricular) fibrosis. The low abundance

of NPR-C in the ventricle does not mean it is completely resistant to fi-

brosis; clearly ventricular fibrosis occurs under many circumstances.

However, an abundance of NPR-C in the atria appears to make it more

susceptible to fibrosis and may explain the heightened fibrotic response

seen in several animal models.5,7–10,13,38

Figure 7 Protein levels of NPR-C in atrial, ventricular, and liver fibroblasts/myofibroblasts in response to TGF-b1 stimulation. Cardiac and liver fibro-

blasts were maintained in serum-free media for 18h before treatment with vehicle or rhTGF-b1 (2.5 ng/mL). (A) Western blot analysis with anti-NPR-C,

anti-pSmad2, and anti-GAPDH. (B) Summary data from western blot analyses using densitometry (all results normalized for GAPDH). n=5. rh, recombi-

nant human. (C) Western blot analysis with anti-FN1, anti-Periostin, anti-a-SMA, and anti-GAPDH. (D) Summary data from western blot analyses using

densitometry (all results normalized for GAPDH) n=5. rh, recombinant human; one-way ANOVA Tukey’s multiple comparisons test used to produce

the P values.
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Figure 8 Effect of simultaneous knock down of NPR-C with NPR-A or PKG-1 on TGF-b1 signalling in isolated atrial and ventricular fibroblasts/myofibro-

blasts. Cardiac fibroblasts/myofibroblasts were maintained in serum-free media for 18h before treatment with vehicle or siRNA (45 pmol/mL) or rhTGF-b1

(2.5 ng/mL). (A) Western blots of Collagen 1 and pSmad2 and (B) Summary quantification from densitometry (normalized to GAPDH) of experiments with

siRNA to knockdown NPR-C and NPR-A. (C) Western blots of Collagen 1 and pSmad2 and (D) Summary quantification from densitometry (normalized to

GAPDH) of experiments with siRNA to knockdown NPR-C and PKG-1 simultaneously. n=5; one-way ANOVA Tukey’s multiple comparisons test used to

produce the P values.
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NPR-C is commonly thought of as a clearance receptor and is widely

distributed in many tissues and cell types.23 It plays an important role in

controlling local effects of the NP system.25 Though some have pro-

posed that the NPR-C may provide some direct signalling function,40 our

data suggest that the effect of NPR-C on modulating TGF-b1 signalling

and fibrosis occurs indirectly via NPR-A signalling, with corresponding in-

crease in cGMP and elimination of the anti-fibrotic effects of knocking

down NPR-C when NPR-A is also knocked down. This suggests that

knocking out NPR-C likely increases local NPs concentration and inhibi-

tion of TGF-b1 pro-fibrotic pathways.

We further confirmed the role of NPs in inhibition of TGF-b1 signal-

ling and anti-fibrotic effects in atrial remodelling due to heart failure from

TAC in mice. In our study, bothWt and NPR-C-KO mice developed HF

as shown by echocardiography. Similar to previous reports, we have

demonstrated that atrial fibrosis and enhanced AF inducibility occurs in a

pathophysiologic model.41 When TAC was performed in NPR-C-KO

mice, there was a marked decrease in atrial fibrosis and AF inducibility,

confirming that a similar signalling process occurs in a pathophysiologi-

cally relevant model.

It is also plausible that increases in local NPs may have an effect on

atrial myocyte electrophysiology. Others have reported increases in

conduction velocity and changes in refractoriness with exogenous ANP.

Both Crozier et al. and Stambler et al.42–44 reported that acutely-

administered exogenous ANP decreased conduction velocity and ERP,

the latter study demonstrating that these effects may be mediated via

the autonomic nervous system. Yoshida et al.44 demonstrated that this

effect on ERP was blunted in animals that had undergone remodelling.

Our study shows that when NPR-C is knocked out, APD is unchanged,

but atrial ERP is somewhat prolonged compared with Wt mice in a

Langendorff preparation (in which there is no effect of autonomics).45

Our optical mapping study in isolated mouse hearts showed the benefi-

cial effect of knocked-off NPR-C on AF inducibility in TGF-b1-Tx mice.

In addition, we showed that knocking out NPR-C affected atrial electro-

physiology, such as prolonging ERP and improved conduction velocity

and conduction heterogeneity in TGF-b1-Tx mice. These changes result

in decreased AF vulnerability.9 Although a recent study46 found a mod-

est increased susceptibility to AF in mice lacking NPR-C receptor, this

difference may be due to the heart preparation during optical mapping.

We performed optical mapping in the intact heart using a Langendorff-

perfused preparation. The results from our study showed that atrial con-

duction velocities in NP-RC-KO mouse hearts were 40–65 cm/s, which

was more consistent with other reports in either intact isolated

hearts47,48 or in vivo animals.49We found similar results in a pathophysio-

logic model of AF using TAC knocking out NPR-C prevented the devel-

opment of a vulnerable substrate for AF. Our findings are somewhat

at odds with a recent study by Egom et al.46 which found a modestly

increased susceptibility to AF in mice lacking NPR-C. However, there

are several important differences in that study and the one reported

herein. Our study was aimed at the mechanism by which NPR-C might

affect fibrosis in models that promote fibrosis, while the Egom study

focused primarily on sinus node function and did not study the effects of

NPR-C on modulating remodelling and fibrosis. Our findings are not

only based on the results from isolated hearts using two different models

of atrial fibrosis and AF, but supported by molecular studies in isolated

fibroblasts. There were also some important methodological differences;

optical mapping performed by Egom et al. utilized a cut-open superfused

preparation (which may produce some ischaemia in thicker parts of

the atria), while we performed optical mapping in the intact heart

using a Langendorff-perfused preparation. This can significantly affect

electrophysiology parameters and arrhythmia inducibility. It is conceiv-

able that some of the anti-fibrillatory effects observed in our study were

due in part to the lengthening of refractoriness (in this case, post-

repolarization refractoriness); nonetheless, in addition to these findings

there was profound modulation of fibrosis and TGF-b1 signalling in our

TGF-b1-Tx model of AF.

The role of the NP system in human AF is not clear. Increased serum

BNP has been associated with AF.50–52 However, this may simply reflect

the underlying pathophysiology of heart failure or increased wall stretch,

rather than a reflection of the local paracrine milieu. AF is associated

with atrial depletion of ANP and low atrial ANP levels have been associ-

ated with recurrent AF and increased atrial fibrosis.53 A frameshift muta-

tion in ANP has been demonstrated to cause familial AF in one family.54

While this mutant ANP appears to cause a decrease in atrial APD,54

others have found that this mutant ANP also slows conduction and is

pro-fibrillatory, whereas wild-type ANP was shown to be protective.55

Genetic variants of ANP have also been reported to be associated with

AF in a Chinese population,56 though the precise mechanism is not clear.

In all of these circumstances, the effects of the NP system on fibrosis has

been implicated as a possible mechanism.

4.2 The mechanism of NPs modulation of
cardiac fibrosis
NPs have been identified previously in cardiac fibroblasts and postulated

to play an important role in the regulation of TGF-b1 gene signalling

activity and fibrosis. NPs possess anti-proliferative activity in cultured

cardiac fibroblasts.24,57,58 However, the mechanism(s) underlying this

anti-proliferative activity is not well understood. TGF-b1 is a well

described activator of fibroblasts proliferation and pro-fibrotic activity in

the heart.59 BNP has been shown to suppress TGF-b1 activity at multiple

loci in cultured cardiac fibroblasts,21 with demonstrated antagonism at

the level of genes involved in fibrosis. Li et al.18 demonstrated that ANP

prevents TGF-b-dependent phosphorylation of Smad3, thereby

preventing Smad3 nuclear translocation and activation of downstream

TGF-b activity. Our data suggests that the effect may also occur more

proximal in the TGF-b1 signalling cascade, since we also demonstrated

decrease in pSmad2 with knockout of NPR-C. This effect was reversed

when NPR-A was simultaneously knocked down; however, not when

PKG-1 was simultaneously knocked down, suggesting it may occur via

PKG-1-independent signalling.

We have also demonstrated a positive feedback loop between

TGF-b1 signalling and NPR-C expression. TGF-b1 appears to suppress

NPR-C expression in our transgenic mice overexpression TGF-b1; how-

ever, NPR-C levels in the atria in these mice are still quite high. A similar

pattern is seen in isolated atrial fibroblasts—TGF-b1 stimulation results

in a decrease of NPR-C expression but not to a level where that de-

crease effects NP suppression of the pro-fibrotic response. One mecha-

nism by which the changes in NPR-C transcript levels may occur has

been suggested by the studies of Currie et al.60,61 Using ligand-receptor

binding methods, they have demonstrated the preferential down regula-

tion of NPR-C in cultured endothelial cells exposed to high ANP con-

centration and have reproduced the phenomenon by increasing

intracellular GMP with 8-bromo-cGMP and the cGMP phosphodiester-

ase inhibitor, M&B 22948.60 In addition, in cultured vascular smooth

muscle cells NPR-Cwas down-regulated by elevating cGMPwith sodium

nitroprusside and by manoeuvers that induce nitric oxide synthesis.61

Thus down-regulation of NPR-C in fibrotic cardiac tissue may be

mediated by changes in intracellular cyclic GMP as a consequence of
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up-regulation of NPR-A which occurs contemporaneously. These find-

ings also support our findings of NP/cGMP suppression of TGF-b1 signal-

ling and regulation of NPR-C expression in the heart.

4.3 Significance
To our knowledge, this is the first demonstration of a critical role for

NPR-C in the regulation of TGF-b1 signalling in the cardiac fibroblasts/

myofibroblasts proliferation, atrial fibrosis and AF. Our findings also

have important therapeutic implication. Identifying targets to prevent or

reverse fibrosis would likely be a promising approach to preventing and

treating AF.62 Targeting NPR-C may be an interesting target that might

confer relative selectivity to the atria, given the dramatically higher

expression level in the atria. There is considerable interest in the phar-

macological use of NPR-C specific ligands to reduce NP clearance, and

thus enhance their actions.

4.4 Study limitations
All of our cellular work was performed in first-passage cultured cardiac

fibroblasts/myofibroblasts. However, there is a possibility that fibro-

blasts/myofibroblasts were contaminated with a small number of other

cells; however, this would likely be a very small number given the pre-

ponderance of fibroblasts seen in microscopy of the cultures and thus

would likely not effect molecular changes observed. Although cell cul-

ture experiments do not study the complex milieu that might be contrib-

uted by other cell populations (e.g. Myocytes or endothelial cells)

specific to each chamber, the experiments performed in whole tissue

(atria and ventricles) from mice do reflect changes in the entire milieu.

Electrophysiology studies are reported using optical mapping in

Langendorf perfused hearts. These experiments identify the electrophys-

iologic properties and substrate intrinsic to the heart, devoid of any auto-

nomic or humoral effects. While the NP system may exert some effects

via these mechanisms, these effects were not studied in this paper.

Supplementary material

Supplementary material is available at Cardiovascular Research online.
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