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Abstract
Background—Fibroblast proliferation and differentiation are central in atrial fibrillation (AF)–
promoting remodeling. Here, we investigated fibroblast regulation by Ca2+-permeable transient
receptor potential canonical-3 (TRPC3) channels.

Methods and Results—Freshly isolated rat cardiac fibroblasts abundantly expressed TRPC3
and had appreciable nonselective cation currents (INSC) sensitive to a selective TPRC3 channel
blocker, pyrazole-3 (3 μmol/L). Pyrazole-3 suppressed angiotensin II-induced Ca2+ influx,
proliferation, and α-smooth muscle actin protein expression in fibroblasts. Ca2+ removal and
TRPC3 blockade suppressed extracellular signal-regulated kinase phosphorylation, and
extracellular signal-regulated kinase phosphorylation inhibition reduced fibroblast proliferation.
TRPC3 expression was upregulated in atria from AF patients, goats with electrically maintained
AF, and dogs with tachypacing-induced heart failure. TRPC3 knockdown (based on short hairpin
RNA [shRNA]) decreased canine atrial fibroblast proliferation. In left atrial fibroblasts freshly
isolated from dogs kept in AF for 1 week by atrial tachypacing, TRPC3 protein expression,
currents, extracellular signal-regulated kinase phosphorylation, and extracellular matrix gene
expression were all significantly increased. In cultured left atrial fibroblasts from AF dogs,
proliferation rates, α-smooth muscle actin expression, and extracellular signal-regulated kinase
phosphorylation were increased and were suppressed by pyrazole-3. MicroRNA-26 was
downregulated in canine AF atria; experimental microRNA-26 knockdown reproduced AF-
induced TRPC3 upregulation and fibroblast activation. MicroRNA-26 has NFAT (nuclear factor
of activated T cells) binding sites in the 5′ promoter region. NFAT activation increased in AF
fibroblasts, and NFAT negatively regulated microRNA-26 transcription. In vivo pyrazole-3
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administration suppressed AF while decreasing fibroblast proliferation and extracellular matrix
gene expression.

Conclusions—TRPC3 channels regulate cardiac fibroblast proliferation and differentiation,
likely by controlling the Ca2+ influx that activates extracellular signal-regulated kinase signaling.
AF increases TRPC3 channel expression by causing NFAT-mediated downregulation of
microRNA-26 and causes TRPC3-dependent enhancement of fibroblast proliferation and
differentiation. In vivo, TRPC3 blockade prevents AF substrate development in a dog model of
electrically maintained AF. TRPC3 likely plays an important role in AF by promoting fibroblast
pathophysiology and is a novel potential therapeutic target.

Keywords
arrhythmia; calcium; ion channels; fibrillation; remodeling

Atrial fibrillation (AF) is the most common arrhythmia in clinical practice, and it confers
significant morbidity and mortality.1,2 Because the utility of conventional antiarrhythmic
agents that target cardiac ion channels is limited by inefficacy and side effects, new
treatment strategies are required.1-3 An improved understanding of underlying mechanisms
may help in the design of novel therapies.2 Under pathological conditions, cardiac
fibroblasts first proliferate and then differentiate into myofibroblasts that secrete profibrotic
extracellular matrix (ECM).3,4 Atrial fibrotic remodeling causes conduction abnormalities
and may promote fibroblast-cardiomyocyte electric interactions that favor AF occurrence
and maintenance.5,6 Therefore, fibroblast control mechanisms could constitute novel
antiarrhythmic targets. Although it is known that cellular Ca2+ homeostasis regulates
fibroblast function,6 the precise regulatory mechanisms remain unclear.

Transient receptor potential (TRP) channels, activated by cell stretch and other pathological
stimuli, regulate cellular Ca2+ entry.6 TRP channels modulate fundamental cell functions
such as cell proliferation and death.6-8 Mechanical stretch and related stimuli contribute to
arrhythmic substrates3; TRP channels are candidates to link arrhythmic remodeling stimuli
to arrhythmia-promoting cardiac fibroblast responses. In preliminary studies (online-only
Data Supplement Figure I), we noted cell-selective expression of TRP canonical-3 (TRPC3)
subunits in freshly isolated fibroblasts, along with TRPC3 downregulation on fibroblast
differentiation to myofibroblasts, which identified TRPC3 as a potential modulator of
fibroblast function. We undertook the present study to test the following hypotheses: (1)
TRPC3 subunits play a role in fibroblast function in normal hearts and in an AF model; (2)
fibroblast TRPC3 expression is upregulated in AF under the control of discrete microRNA-
related molecular mechanisms; and (3) in vivo TRPC3 inhibition can suppress AF-
associated remodeling.

Methods
A detailed description of methods used in this study is available in the online-only Data
Supplement.

Cardiac Fibroblast Isolation and Culture
Fibroblasts were isolated from adult rat or dog hearts as described previously.9 Tissues were
digested with collagenase II and cardiomyocytes removed by low-speed centrifugation and
passage through a 20-μm nylon filter. Fibroblasts were concentrated by high-speed
centrifugation (2000 rpm, 10 minutes). Freshly isolated fibroblasts or cells in primary
culture within 3 days of isolation (online-only Data Supplement Figure II-A) were used in
most experiments. Long-term cultured first-passage cells (2–3 weeks), which express α-
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smooth muscle actin (α-SMA) and show actin fiber organization (online-only Data
Supplement Figure II-B), were used in rat myofibroblast studies.

Atrial Tissue Samples From Humans, Goats, and Dogs
Right atrial (RA) appendage biopsy samples were obtained from patients in sinus rhythm
and with chronic AF during coronary artery bypass graft surgery after informed consent as
approved by the ethics review committee of Dresden University of Technology. AF was
induced in chronically instrumented goats by use of repetitive burst pacing for 10 days.10

Dogs with congestive heart failure (CHF) with an AF substrate were created by ventricular
tachypacing (240 bpm, 2 weeks).11 Normal goats and dogs were used as controls. RA tissue
samples were collected and fast-frozen in liquid N2.

AF Dogs
A total of 48 mongrel dogs (weight, 20–36 kg) were divided into control and atrial
tachypacing groups. Animal care procedures followed National Institutes of Health
guidelines and were approved by the Animal Research Ethics Committee of the Montreal
Heart Institute. Dogs were anesthetized with ketamine (5.3 mg/kg IV)/ diazepam (0.25 mg/
kg IV)/isoflurane (1.5%), intubated, and ventilated. A unipolar pacing lead was inserted into
the RA appendage under fluoroscopic guidance and connected to a pacemaker in the neck.
Bipolar electrodes were inserted into the right ventricular apex and RA appendage for
electrogram recording. Atrioventricular block/ventricular pacing (used in many studies of
atrial tachycardia remodeling12) was not performed, to more closely mimic spontaneous
clinical AF episodes. The atrial pacemaker was programmed to stimulate the RA at 600 bpm
for 1 week, with fibrillatory atrial activity maintained during pacing as assessed by daily
ECG and intracardiac recordings. Echocardiography was performed on day 0 (baseline) and
day 7 to assess left atrial (LA) dimension, LA systolic function, and left ventricular diastolic
volume.

For in vivo pyrazole-3 (Pyr3) treatment of AF dogs, ALZET osmotic pumps were implanted
subcutaneously in the back to continuously administer intravenous Pyr3 (0.1 mg · kg−1 · d−1

in DMSO and polyethylene glycol) or vehicle during atrial tachypacing (online-only Data
Supplement Figure III).

Electrophysiological Studies
A terminal open chest electrophysiological study was performed on day 7. Dogs were
anesthetized with morphine (2 mg/kg SC) and α-chloralose (120 mg/kg IV, followed by
29.25 mg · kg−1 · h−1) and ventilated. After performance of a median sternotomy, the atrial
effective refractory period and mean AF duration induced by burst pacing were measured as
described previously.12

TaqMan Low-Density Arrays
RNA was extracted with TRIzol. RNA integrity was assessed via an Agilent bioanalyzer
(Agilent Technologies; RNA integrity number >7.5 required). cDNA was synthesized with a
high-capacity cDNA reverse transcription kit and random hexamer primers. TaqMan low-
density arrays were used in 2-step reverse transcription-polymerase chain reaction (PCR).13

Real-time PCR was performed on the 7900HT Fast Real-Time PCR System (Applied
Biosystems). TRP subunit genes were investigated by use of inventoried TaqMan assays.
The mean expression of genes with a cycle threshold value (Ct) <30 was used as the
reference.14
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Whole-Cell Patch Clamping
Whole-cell voltage clamping was performed to record the nonselective cation current (INSC)
at 37°C. The pipette solution contained (in mmol/L) 135 CsCl, 0.1 CaCl2, 10 EGTA, 4.0
MgATP, 1.0 MgCl2, 10 HEPES, 6.6 sodium phosphocreatine, 0.3 Na-GTP (pH 7.4/CsOH).
The bath solution contained (in mmol/L) 140 NaCl, 5.4 TEA-Cl, 2.0 CaCl2, 1.0 MgCl2, 10
HEPES, 10.0 glucose (pH 7.4/CsOH). Nifedipine (5 μmol/L) was used to block any L-type
Ca2+ current. Na+ current was inactivated with a holding potential of 0 mV. Currents were
elicited with 3-second voltage-ramp protocols (0.07 mV/ms, from −110 mV to 100 mV, 0.1
Hz) at a holding potential of 0 mV.15

Cell Proliferation and Cell-Cycle Analysis
Cardiac fibroblasts were cultured in T25 culture flasks (2.0×105 cells/flask, 25 cm2 growth
area) for each treatment group. After incubation, cells were harvested after trypsinization
and then fixed with ice-cold 75% ethanol. Samples were stored at −20°C until analysis.
Pelleted cells were resuspended and incubated (4°C, 30 minutes) in staining solution that
contained propidium iodide. Cell numbers and DNA content frequency histograms were
obtained via FACScan (constant flow rate, 60 μL/min; 5-minute acquisition time).

Western Blots
Protein was extracted, quantified, and processed.12,16 Cytoplasmic and nuclear protein
fractions were extracted from fresh fibroblasts with a ProteoExtract subcellular proteome
extraction kit (Calbiochem). Protein samples were separated by gel electrophoresis and
transferred to polyvinylidene difluoride membranes. Membranes were blocked and
incubated with mouse anti-α-SMA, anti-phospho-p44/42-MAP kinase, anti-TRPM7, anti-
NFATc3, anti-HSP70, anti-lamin A/C and anti-vimentin, rabbit anti-TRPC3, anti-TRPC1,
anti-calsequestrin, and anti-NFATc4 antibodies. Secondary antibodies conjugated to
horseradish peroxidase were used for detection via chemiluminescence.

Confocal Imaging
Cultured, freshly isolated fibroblasts or LA tissue cryosections were fixed with 2%
paraformaldehyde, washed with PBS, and incubated with mouse anti-α-SMA, goat anti-
vimentin, mouse anti-NFATc3, and rabbit anti-NFATc4, followed by donkey anti-mouse
IgG Alexa Fluor 555, donkey anti-rabbit IgG Alexa Fluor 488, donkey anti-goat IgG Alexa
Fluor 488, and/or TOPRO 3 iodide. Apoptosis was assessed by TUNEL (terminal dUTP
nick end-labeling) assay with ApopTag. Fluorescent images were obtained via a Zeiss
LSM-710 or Olympus FluoView FV1000 inverted confocal microscope.

Ca2+ Imaging
Primary cultured rat fibroblasts (1-day culture) were loaded with Fluo-4 (10 μmol/L) in
phenol-free M199 medium in the presence of pluronic acid (2.5 μg/mL) for 50 minutes.
Ca2+ imaging was obtained with an Andor Revolution confocal system and a iXon (Andor
Technologies) mounted on an upright Nikon FN-1 microscope. Fluo-4 was excited at 488
nm; emitted fluorescence was collected at 495 nm. Images (512×512 pixels) were acquired
at 15 frames/second. F0 was determined by averaging fluorescence from 10 consecutive
baseline images.17

Quantitative PCR
To study microRNA, RNA/microRNA were extracted with a TRIzol/ mirVana miRNA
extraction kit (Ambion). Real-time reverse transcription-PCR was performed with 6-carboxy
fluorescein-labeled fluorogenic TaqMan primers. Fluorescence signals were detected in
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duplicate, normalized to β2-microglobulin RNA for total RNA and to U6 small nuclear
RNA for microRNA, and quantified with MxPro qPCR software (Stratagene).16

TRPC3 Knockdown
TRPC3 knockdown lentivirus vector plasmid was obtained from Open Biosystems (Oligo
ID: V2LMM_11490). A scrambled micro-RNA-adapted shRNA (shRNAmir)-
overexpressing virus was used as a negative control. For lentivirus infection, 3-day cultured
fibroblasts were plated in T25 culture flasks at 4×103 cells/cm2, infected at 50 MOI, and
incubated for 3 days before experiments were performed.

MicroRNA (miR) Overexpression/Knockdown
For overexpression, sense and antisense oligoribonucleotides were synthesized by
Invitrogen, and the double-stranded RNA was created by an annealing treatment. A
scrambled RNA was the negative control. For knockdown, antisense anti-miR
oligonucleotides (AMO26a) with locked nucleic acid technology were synthesized by
Exiqon. Scrambled oligonucleotides with methylene bridges were used as negative controls.
Dog LA fibroblasts in primary culture were transfected with miR-26a duplex (100 nmol/L),
AMO26a (10 nmol/L), and/or control sequences with Lipofectamine 2000 (Invitrogen).18

Dual Luciferase Reporter Assay
A fragment that contained the miR target sequence was synthesized by Invitrogen and used
as a template for PCR amplification. The PCR product was subcloned in the pMIR-
REPORT luciferase miR expression reporter vector. HEK293 cells were transfected with 50
ng of pMIR-REPORT, 0.5 ng of pRL-TK (for internal control), and miR-26a duplex (10
nmol/L) and/or AMO26a (3 nmol/L) with Lipofectamine 2000.

Statistical Analysis
Data are presented as mean±SEM. A 2-way ANOVA with multiple-group comparisons
(Bonferroni-corrected t test) was applied to data with ≥2 main effect factors. One-way
ANOVA was applied for single main effect factor experiments. Repeated-measure analyses
were used when the same sets of subjects or materials were exposed to multiple
interventions. Student t tests were used for comparisons that involved only 2 groups. For
multiple comparisons with Bonferroni correction, adjusted probability values were
calculated by multiplying original probability values by the number of comparisons (N)
performed; values shown are adjusted values (N×P). Two-tailed P<0.05 was considered
statistically significant. For additional details, see the online-only Data Supplement.

Results
TRPC3-Mediated INSC and Ca2+ Entry

INSC recordings from freshly isolated rat fibroblasts are shown in Figure 1A and online-only
Data Supplement Figure II-C. INSC was substantially suppressed by superfusion with the
TRPC3-selective blocker Pyr3 (Figure 1B)19 and by the general TRP channel blocker,
gadolinium (Gd3+; 100 μmol/L; online-only Data Supplement Figure II-C). Passage-
cultured myofibroblasts (online-only Data Supplement Figure II-B) showed larger
membrane capacitance than fibroblasts (16.8±1.4 versus 6.4±0.4 picofarads, P<0.01) but had
much smaller Gd3+- and Pyr3-sensitive INSC, consistent with quantitative PCR data (online-
only Data Supplement Figure II-D through II-F).

We then tested whether TRPC3 channels contribute to Ca2+ entry in cardiac fibroblasts.
Because diacylglycerol has been suggested to be a physiological activator of TRPC3,20 we
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examined the effect of TRPC3 blockade on Ca2+ entry induced by 1-oleoyl-2-acetyl-sn-
glycerol (OAG) and angiotensin II, which activate diacylglycerol receptors directly and
indirectly, respectively. Both angiotensin II (Figure 1C and 1D) and OAG (online-only Data
Supplement Figure IV-A and IV-B) induced fibroblast Ca2+ entry, which was prevented by
Pyr3, which suggests that TRPC3 channels are needed for OAG- and angiotensin II-induced
Ca2+ entry.

Role in Fibroblast Proliferation and Differentiation
We next examined whether TRPC3 channel block affects cardiac fibroblast proliferation.
Rat cardiac fibroblasts were maintained in the presence or absence of Gd3+, Pyr3, or control
vehicle for up to 1 day in primary culture. After 24-hour culture in vehicle medium, the
number of fibroblasts increased substantially (Figure 1E). After 1- and 24-hour treatment,
fibroblasts were collected for proliferation analysis by flow cytometry. Representative DNA
content histograms showing the G2/M phase cell content, an index of DNA duplication, are
provided in online-only Data Supplement Figure V-A and V-B. Pyr3 significantly slowed
the increase in fibroblast number and reduced G2/M phase cell content (Figure 1E and 1F),
as did Gd3+ (online-only Data Supplement Figure V-C and V-D). Pyr3 also significantly
increased the percentage of TUNEL-positive fibroblasts versus control (online-only Data
Supplement Figure VI). These data suggest that TRPC3 channels regulate cardiac fibroblast
survival and proliferation.

After fibroblasts proliferate, they differentiate into ECM-secreting myofibroblasts
characterized by altered morphology and increased α-SMA expression. Online-only Data
Supplement Figure VII-A shows confocal images of rat fibroblasts, cultured with or without
Pyr3, stained with anti-α-SMA antibodies. The spindle-shaped expansion and α-SMA-
enhanced expression associated with myofibroblast differentiation were inhibited by 3-
μmol/L Pyr3. Figure 1G shows representative α-SMA immunoblots on cultured rat
fibroblasts; α-SMA protein expression was decreased significantly by Pyr3 (Figure 1H).
Thus, TRPC3 channels participate in fibroblast differentiation into myofibroblasts. We also
examined the effect of TRPC3 blockade on already differentiated myofibroblasts. Consistent
with downregulation of TRPC3 in myofibroblasts, their cell number, G2/M phase cell
content, and α-SMA expression were unchanged by Pyr3 (online-only Data Supplement
Figure VII-B through VII-D). Thus, once fibroblasts differentiate into myofibroblasts,
TRPC3 channels no longer appear to be involved in their regulation.

TRPC3-Mediated Ca2+ Entry, ERK-1/2 Phosphorylation, and Fibroblast Activation
We then examined whether TRPC3-mediated Ca2+ entry acts by modulating Ca2+-
dependent extracellular signal-regulated kinase (ERK)-1/2 activation, which affects cell
survival and fibroblast activation.21,22 Fibroblasts were cultured for 24 hours in 3
conditioned media: (1) 0.4 mmol/L Ca2+, (2) 2.4 mmol/L Ca2+, and (3) 2.4 mmol/L Ca2+

with Pyr3. ERK-1/2 phosphorylation was decreased significantly in low-[Ca2+] medium and
with exposure to Pyr3 (Figure 2A). Next, we examined the effect of extracellular Ca2+

concentration on fibroblast proliferation. The increase in cell number of cultured fibroblasts
and the G2/M phase cell content were significantly smaller with less [Ca2+] in the culture
medium (Figure 2B and 2C). A selective ERK pathway inhibitor, PD98058 (50 μmol/L),
also significantly reduced the number of fibroblasts and the G2/M phase cell content after
24-hour culture (Figure 2D and 2E). The data in Figure 2 suggest that TRPC3-mediated
Ca2+ influx contributes to the ERK-1/2 activation that regulates fibroblast proliferation.

TRPC3 Knockdown Suppresses Atrial Fibroblast Proliferation
We were unable to study TRPC3 knockdown in rat fibroblasts because spontaneous TRPC3
downregulation in culture was almost complete over the time period needed for lentivirus-
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mediated knockdown. However, we noted that TRPC3 downregulation was slower in
cultured dog atrial fibroblasts, which were used to study the effects of TRPC knockdown.
TRPC3 subunit mRNA and protein expression decreased significantly in TRPC3 shRNA-
infected fibroblasts; TRPC6 mRNA remained unchanged (online-only Data Supplement
Figure VIII-A and VIII-B). The fold increase in cultured fibroblast cell number was
significantly attenuated in TRPC3 shRNA-infected fibroblasts (online-only Data
Supplement Figure VIII-C), as was the G2/M phase cell content (online-only Data
Supplement Figure VIII-D), which indicates that TRPC3 channels are involved in canine
atrial fibroblast proliferation.

Atrial TRPC3 Expression in Large Animal/Human AF Substrates
To assess a potential role in the AF substrate, we examined the protein expression of
TRPC1, TRPC3, and TRPM7 subunits in RA tissue samples from AF patients, AF goats,
and CHF dogs with an AF substrate. Atrial TRPC3 expression increased significantly in all
groups with AF substrates (online-only Data Supplement Figure IX-A through IX-C),
whereas TRPC1 and TRPM7 remained unchanged (online-only Data Supplement Figure IX-
D through IX-I).

Atrial Remodeling in Dogs With Electrically Maintained AF
To examine further the potential role of TRPC3 in AF, we used a canine model of
electrically maintained AF. Representative surface and intracardiac day 7 ECG recordings
showing irregular, rapid atrial activity and irregular ventricular responses typical of AF are
shown in Figure 3A. Spontaneous AF was maintained after pacing cessation. Fibrillatory
electric activity and spontaneous postpacing AF were observed consistently during the 1-
week pacing period (online-only Data Supplement Figure X). Immediately after tachypacing
onset (recordings at 6.0±0.2 minutes after onset), ventricular activation rate increased by
55%, but ventricular rate then returned to control values by day 3 (online-only Data
Supplement Figure XI-A). At the end of the study, atrial and ventricular filling pressures
were slightly but significantly increased in AF dogs (online-only Data Supplement Table I).
Online-only Data Supplement Figure XI-B illustrates atrial structural remodeling in AF
dogs, with significant changes in LA diastolic area and fractional area change (online-only
Data Supplement Figure XI-C and XI-D).

AF dogs showed electric remodeling manifested by reduced effective refractory periods
(Figure 3B) and increased duration of burst-pacing–induced AF (Figure 3C). LA fibrosis
and vimentin staining (an index of fibroblast density) were assessed by histomorphometry
(Figure 3D). Fibrous tissue content was unchanged (Figure 3E), but vimentin-positive area
(Figure 3F) and protein expression (immunoblots, Figure 3G) increased significantly in AF
dogs.

TRPC3 Regulation of Atrial Fibroblast Activation in AF Dogs
Figure 4A shows INSC before and after 3 μmol/L Pyr3 in freshly isolated LA fibroblasts.
Pyr3-sensitive current increased significantly in LA fibroblasts of AF dogs (Figure 4B),
corresponding to increased TRPC3 subunit protein expression in freshly isolated LA
fibroblasts (Figure 4C). ERK phosphorylation (Figure 4D) and ECM gene expression
(Figure 4E) were also significantly increased in LA fibroblasts of AF dogs.

The cell number increase rate, G2/M phase cell content, and α-SMA protein expression all
increased in LA fibroblasts of AF dogs (Figure 5A through 5C), which indicates increased
fibroblast proliferation and differentiation. In vitro treatment of AF fibroblasts with Pyr3
decreased these fibroblast activation indexes significantly (Figure 5D through 5F). ERK
activation was increased significantly in AF (Figure 5G). ERK phosphorylation in AF dogs
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was reduced significantly after 24-hour treatment with Pyr3 (Figure 5H). These data suggest
that TRPC3 channels are an important contributor to fibroblast activation in AF.

MiR-26 Regulation of TRPC3 Channels
MicroRNAs posttranscriptionally regulate protein expression in many pathological
conditions.1 MiR-target prediction (TargetScan) suggested that miR-26 targets the TRPC3
gene (online-only Data Supplement Figure XII-A). Expression of the 2 miR-26 isoforms,
miR-26a and miR-26b, which have identical seed sequences, was decreased significantly in
freshly isolated LA fibroblasts from AF dogs (Figure 6A). Other miRs involved in cardiac
remodeling1 were studied, and miR-133 was also downregulated; however, miR-26 was
particularly strongly expressed in fibroblasts (Figure 6B), whereas miR-133 expression was
cardiomyocyte selective (Figure 6C). Neither miR-1 nor miR-133 targets TRPC3.

We then examined posttranscriptional regulation of TRPC3 by miR-26a with dual luciferase
reporter assay. Luciferase vectors carrying the miR-26a target gene sequence of TRPC3
were cotransfected along with miR-26a duplex and/or antisense anti-miR-26a
oligonucleotides (AMO26a; online-only Data Supplement Figure XII-B) into HEK-293
cells. MiR-26a overexpression significantly decreased luciferase readout, whereas
knockdown of endogenous miR-26a by AMO26a significantly increased luciferase
fluorescence (Figure 6D), which indicates that miR-26a regulates TRPC3 translation.

Using immunoblotting, we further validated the effect of miR-26a on TRPC3 protein
expression in cultured canine LA fibroblasts. MiR-26a overexpression decreased TRPC3
protein expression significantly, whereas miR-26a knockdown to mimic AF-related miR-26
downregulation increased TRPC3 protein (Figure 6E). We then assessed the regulation of
fibroblast proliferation by miR-26a. MiR-26a overexpression significantly decreased
fibroblast-number (Figure 6F), as well as G2/M cell percentage (Figure 6G), whereas
miR-26a knockdown increased these fibroblast-proliferation indexes. These data indicate
that miR-26a controls TRPC3 expression by downregulating TRPC3 protein and produces
parallel changes in fibroblast proliferation indexes.

NFATc3 Regulation of miR-26a
We next looked for the potential mechanism of fibroblast miR-26 control in AF. Nuclear
translocation of NFAT (the nuclear factor of activated T cells), subsequent to
dephosphorylation by Ca2+/calmodulin-dependent calcineurin activation, is important in
AF-related cardiomyocyte remodeling.1 The promoter regions of the host genes for
miR-26a/b in humans and dogs are predicted to have multiple binding motifs for NFAT
(online-only Data Supplement Figure XII-D). We therefore evaluated cellular localization of
NFAT in fibroblasts from AF and control dogs. Figure 7A shows representative confocal
images of freshly isolated LA fibrblasts stained with vimentin, TOPRO3 (nuclear stain), and
NFATc3/c4 antibodies. Nuclear localization of NFATc3 increased significantly in AF
(Figure 7B). We also quantified nuclear NFAT localization by immunoblotting on isolated
canine fibroblast nuclei. AF significantly reduced the cytosolic and increased the nuclear
protein fraction of NFATc3 (Figure 7C). To assess NFAT regulation of miR-26 gene
expression, we examined the effect of incubation with a selective membrane-permeable
NFATc3/c4 blocker, INCA6 (2.5 μmol/L), on miR-26 and TRPC3 expression in canine
atrial fibroblasts. INCA6 significantly increased miR-26a/b expression (Figure 7D) and
decreased TRPC3 protein expression (Figure 7E), consistent with an inhibitory effect of
NFAT on miR-26 transcription. These data suggest that AF-induced NFATc3 translocation
suppresses miR-26a transcription, thereby reducing miR-26a inhibition of TRPC3
translation and resulting in TRPC3 protein upregulation.
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Effects of In Vivo TRPC3 Blockade on the AF Substrate
To more directly assess the role of TRPC3 in the AF-promoting remodeling of the AF dogs
in the present study, additional AF dogs were treated with Pyr3 (0.1 mg · kg−1 · d−1 by
continuous intravenous infusion) or vehicle for the entire period of atrial tachypacing
(online-only Data Supplement Figure III). At the terminal electrophysiological study, Pyr3-
treated dogs showed significantly reduced AF duration (Figure 8A). They also had slightly
but significantly greater effective refractory period values at short cycle lengths (Figure 8B).
Consistent with in vivo TRPC3 control of fibroblast function, Pyr3 significantly decreased
LA vimentin expression (Figure 8C), as well as fibroblast number on day 3 (Figure 8D) and
G2/M cell content on day 2 (Figure 8E), in LA fibroblasts cultured from AF dogs. Pyr3 also
decreased ECM gene expression in LA fibroblasts freshly isolated from AF dogs (Figure
8F).

Discussion
The present study shows that TRPC3 channels control fibroblast function via Ca2+-
dependent ERK phosphorylation, which results from Ca2+ entry through INSC. In addition,
atrial TRPC3 expression is upregulated in AF, and this change induces fibroblast
proliferation, differentiation, and activation. TRPC3 upregulation in AF is caused by down-
regulation of its regulatory microRNA, miR-26, under the control of NFATc3. Infusion of a
highly selective TRPC3 inhibitor, Pyr3, suppresses development of the AF substrate in a
canine model.

Comparison With Previous Studies on TRP Channel–Dependent Regulation of Fibroblast
Function

TRPC3 is a Ca2+-permeable ion channel that shows 75% homology with TRPC6 and 7.20

These channels show substantial Ca2+ permeability and mediate receptor-activated
extracellular Ca2+ entry.20,23,24 TRPC3/6/7 channels are directly activated by diacylglycerol
liberation into the plasma membrane, triggered by agonist binding to G protein-coupled
receptors, such as angiotensin II and endothelin-1 receptors.20,23 TRPC channels are widely
expressed and are involved in diverse biological functions, such as neuronal cell survival,24

blood vessel constriction,25 immune cell maturation,26 and cardiac hypertrophy.27,28

However, the regulatory role of TRPC3 channels in cardiac fibroblast function has not been
reported previously.

Rose et al15 demonstrated that a TRP channel–like INSC is elicited by C-type natriuretic
peptide in freshly isolated rat ventricular fibroblasts. Transcripts encoding TRPC3 subunits
were highly expressed in the fresh fibroblasts, and INSC was activated by phorbol esters;
however, the role of INSC in fibroblast function was not examined.

Nishida et al29 reported that TRPC1, 3, 6, and 7 mRNAs are detected in neonatal rat
fibroblasts and that TRPC6 channels contribute to the regulation of endothelin-1–induced
myofibroblast formation through JNK and NFAT signaling. However, in contrast to the
present observations regarding TRPC3 channels, ERK-1/2 phosphorylation was not affected
by endothelin-1–activated TRPC6 currents. Of note, the Nishida study was performed in
neonatal cells, and TRP channel-dependent regulation of fibroblast function may change
during development from neonatal to adult conditions.

Du et al30 demonstrated that current that corresponds to TRP melastatin–related 7 (TRPM7),
a Ca2+/Mg2+-permeable channel, is strongly expressed in fibroblasts isolated from RA
samples of AF patients and likely plays an important role in AF pathophysiology. shRNA-
based TRPM7 knockdown decreased TRPM7-mediated Ca2+ influx in cultured atrial
fibroblasts and suppressed fibroblast differentiation induced by transforming growth factor-
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β stimulation. The present results showed substantial TPRC3 subunit expression and
associated current, as well as significant physiological function, in fibroblasts that were
freshly isolated or kept under conditions that limited differentiation. Furthermore, TRPC3-
dependent current and fibroblast regulation were enhanced in AF dog fibroblasts. The
expression and function of TRPC3 channels disappeared after differentiation to
myofibroblasts under culture conditions. In contrast, mRNA expression of TRPM7 subunits
remained high in myofibroblasts, similar to the findings of Du et al,30 who also showed
strong mRNA expression of TRPM7 but not TRPC3 subunits in cultured human atrial
fibroblasts. Cardiac fibroblast phenotype changes dynamically during proliferation and
differentiation. The present findings suggest that TRPC3 controls proliferation and
differentiation of fibroblasts but is downregulated in the end-cell myofibroblast. This
negative-feedback system may prevent excessive ECM remodeling. In contrast, TRPM7 is
likely the dominant TRP channel in differentiated myofibroblasts.

Du et al30 found increased TRPM7 current in fibroblasts isolated from atrial samples of AF
patients but did not have sufficient tissue to perform Western blot studies. We found
increased protein expression of TRPC3, but not TRPC1 or TRPM7, by immunoblotting of
atrial samples in AF patients, AF goats, and CHF dogs. This observation suggests that the
increased TRPM7 function noted by Du et al30 in fibroblasts from AF patients may have
been caused by increased membrane trafficking of TRPM7 subunits or altered regulation
rather than increased channel expression per se.

Potential Mechanisms
Mio et al31 established the 3-dimensional structure of TRPC3 channels with cryo-electron
microscopy. TRPC3 channels have both a pore-forming transmembrane domain and a large
intracellular domain, representing a “nested box” structure. The latter structure may act as a
molecular anchor for signaling complexes. TRPC3-mediated Ca2+ influx and an increase in
local Ca2+ concentration may trigger protein-protein interactions that activate downstream
signaling pathways that regulate fibroblast function. A recent study using B lymphocytes
demonstrated that TRPC3 channels act as a platform for protein kinase C and that the
sustained scaffolding of protein kinase C at the plasma membrane is associated with
activation of the ERK-1/2 signaling pathway.32

ERK-1/2 is a protein kinase and intracellular signaling molecule involved in various
biological functions, including cell growth and survival.21,22 In the present study, selective
inhibition of ERK-1/2 signaling attenuated rat fibroblast proliferation, which suggests that
ERK-1/2 signaling contributes to fibroblast function. Olson et al33 demonstrated that
angiotensin-induced increases in intracellular Ca2+ and protein kinase C activation in adult
rat cardiac fibroblasts synergistically contribute to ERK-1/2 activation and fibroblast
proliferation. TRPC3 channels may be particularly important in this situation, because
angiotensin II increases cellular production of diacylglycerol, which activates TRPC3
channels. The present data showed that TRPC3 blockade suppresses Ca2+ entry caused by
angiotensin II, a well-known profibrotic agent, in rat cardiac fibroblasts.

Novelty and Potential Significance
This is the first study to show a role of TRPC3 channels in controlling fibroblast function
and the first to indicate that AF activates fibroblasts via TRPC3-related mechanisms.
Furthermore, we were able to identify the mechanism of TRPC3 upregulation in AF
(reduced miR-26 negative control of TRPC3 translation, caused by enhanced NFATc3
nuclear translocation in AF fibroblasts, which caused enhanced inhibitory NFATc3
regulation of miR-26) and found that a TRPC3 inhibitor suppresses AF-promoting
remodeling. An emerging body of evidence indicates that TRP channels act as important
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mediators for a wide variety of physiological functions and are a potential target for drug
discovery. There is a need to develop novel approaches to AF treatment, and therapies that
prevent fibroblast activation are of potentially great interest.6 The present findings point to
TRPC3 as a candidate target for AF prevention.

Although it is well recognized that AF promotes atrial fibrosis, little information is available
about how this happens. In the present dog model, AF upregulated TRPC3 and caused
fibroblast activation that depended on TRPC3-related Ca2+ entry, which activated ERK
phosphorylation. Similar TRPC3 upregulation was observed in atrial samples from AF
patients, AF goats, and AF-prone CHF dogs. TRPC3 channels acted primarily in
nondifferentiated fibroblasts, enhancing their ability to proliferate and differentiate into
myofibroblasts. Once myofibroblasts were formed, TRPC3 channels became downregulated.
This behavior of TRPC3 channels has not been described previously: TRPC3 channels
promote fibrosis by causing fibroblasts to proliferate and activate but are then
downregulated in activated myofibroblasts to prevent a positive-feedback process. The
effects of in vivo Pyr3 infusion to prevent enhanced proliferation and ECM expression of
fibroblasts from AF dogs, along with the associated suppression of AF promotion, are
consistent with an important role for TRPC3 in fibroblast-mediated AF-promoting
remodeling.

Although NFAT nuclear translocation has been shown to occur in AF cardiomyocytes and to
be involved in cardiomyocyte remodeling,1,34 the present study constitutes the first
demonstration of AF-associated NFAT changes in fibroblasts and their involvement in AF-
related fibroblast remodeling.

Potential Limitations
We cannot exclude the possibility that fibroblast properties were affected by cell isolation
and culture. Considering that fibroblasts lose their original properties after lengthy culture
intervals, we used cells in short-term primary culture (maximum of 3 days after isolation) in
most experiments. However, this approach cannot completely reproduce the complex in vivo
milieu. Any extrapolation of these results to human disease should be made cautiously.

Our patch-clamp recording conditions differed from those used by Du et al30 in that they
used pipette solutions that were virtually Mg2+-free, whereas our pipettes contained Mg2+ at
concentrations typically used for cardiac cell patch-clamp recording. TRPM7 currents are
strongly suppressed by intracellular Mg2+, 35,36 which likely explains why most of the
gadolinium-sensitive current we observed was also sensitive to Pyr3. Under our conditions,
INSC would not be expected to contain substantial TRPM7 current and was strongly
downregulated in myofibroblasts. Thus, TRPM7 channels play a much larger role than other
TRP channels, including TRPC3, in the regulation of Ca2+ influx in differentiated
myofibroblasts.

The AF dogs in the present study showed increased atrial fibroblast density and signs of
fibroblast activation, such as enhanced α-SMA expression (Figure 8C) and ECM gene
upregulation (Figure 7E); however, we did not see increased fibrous tissue content in AF
dogs. We suspect that the lack of fibrosis was related to the relatively short time (7 days)
that the dogs were kept in AF, with longer intervals necessary for fibrosis development.
When AF is maintained for longer periods (>3 months), clear fibrosis develops, even when
excessive ventricular rates and left ventricular dysfunction are prevented.37 Fibroblast
proliferation and differentiation can promote AF by a range of mechanisms that do not
require enhanced fibrous tissue content, particularly fibroblast-cardiomyocyte electric
interactions.3 The small atrial effective refractory period increases we noted in Pyr3-treated
AF dogs may reflect enhanced fibroblast effects on the electrophysiology of coupled
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cardiomyocytes.3 Alternatively, a direct role in cardiomyocytes cannot be excluded and
should be assessed in follow-up work. Our findings raise many interesting additional
questions that need to be answered but are outside the scope of the present study.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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CLINICAL PERSPECTIVE

Atrial fibrillation (AF) is the most common clinical arrhythmia, and its therapy is
problematic. There is a need for novel treatment interventions, and mechanistic insights
may be helpful in developing such new therapies. Here, we examined the role of a new
type of ion channel, the nonselective cation channel TRPC3 (transient receptor potential
canonical-3), in AF. TRPC3 can carry a number of ions but may be particularly important
as an entry pathway for calcium into nonexcitable cells such as fibroblasts. Tissue
fibrosis is produced by an overproduction of extracellular matrix proteins by fibroblasts
and is believed to be important in AF. In addition, fibroblasts may contribute to AF via
electric interactions with excitable heart cells (cardiomyocytes). We first found that
cardiac fibroblasts expressed functional TRPC3 channels, and TRPC3-mediated calcium
entry into fibroblasts activated a signaling molecule (extracellular signal-regulated
kinase) that induced fibroblast proliferation and differentiation into activated
myofibroblasts. We also noted that TRPC3 expression was upregulated in AF patients
and 2 experimental AF models. We then studied the role of TRPC3 in atrial remodeling
of dogs kept in AF for 7 days by atrial tachypacing. We found that AF increased TRPC3
protein expression and current, although it activated fibroblasts, and that blocking
TRPC3 suppressed fibroblast activation and the AF-promoting remodeling caused by AF.
We also identified the molecular pathway that leads to TRPC3 upregulation in AF:
Downregulation of a TRPC3-suppressing microRNA, miR-26, caused by AF-induced
nuclear translocation/regulation by nuclear factor of activated T-lymphocytes (NFAT) in
fibroblasts. This work provides novel insights into molecular mechanisms underlying AF,
as well as potential new anti-AF targets.
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Figure 1.
A, Representative nonselective cation current (INSC) recordings with or without pyrazole-3
(Pyr3; 3 μmol/L). B, Mean±SEM Gd3+- and Pyr3-sensitive INSC density (n=7 cells in Gd3+

and 9 cells in Pyr3). C, Recordings of angiotensin II (AngII)–induced intracellular Ca2+

response in presence or absence of Pyr3. D, Mean±SEM AngII-induced Ca2+ fluorescence
(F/F0), normalized to baseline in 0 mmol/L Ca2+ (n=18 and 20 cells in AngII and AngII with
Pyr3, respectively; *P<0.05 vs 0 mmol/L Ca2+, #P<0.05 vs 2 mmol/L Ca2+ in AngII). E,
Mean±SEM fibroblast count after 1- or 24-hour culture with vehicle control (CTL) or 0.3 or
3 μmol/L Pyr3 (n=9/group; *P<0.05 vs CTL, #P<0.05 vs 1-hour treatment). F, Mean±SEM
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percentage of cells in G2/M phase after Pyr3 treatment (n=9; *P<0.05 vs CTL, #P<0.05 vs
1-hour treatment). G, Representative immunoblots for α-smooth muscle actin (αSMA) and
GAPDH in rat fibroblasts cultured with or without Pyr3 (3 μmol/L). H, Mean±SEM αSMA/
GAPDH expression ratio (n=8/group; *P<0.05 vs CTL).
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Figure 2.
A, Top, Representative immunoblots of phosphorylated extracellular signal-regulated kinase
(ERK)-1/2 (p-ERK), total ERK-1/2 (t-ERK), and GAPDH in rat fibroblasts cultured with 0.4
mmol/L Ca2+, 2.4 mmol/L Ca2+, and 2.4 mmol/L Ca2+ medium containing 3 μmol/L
pyrazole-3 (Pyr3). CTL indicates control. Bottom, Mean±SEM p-ERK/GAPDH, t-ERK/
GAPDH, and p-ERK/t-ERK (n=8/group; *P<0.05 vs CTL, #P<0.05 vs Pyr3). B, Mean
±SEM fibroblast cell count after culture in M199 medium containing 0.4 to 4.4 mmol/L
Ca2+ (n=8/group; *P<0.05 vs 0.4-mmol/L Ca2+, #P<0.05 vs 1-hour treatment). C, Mean
±SEM percentage of cells in G2/M phase (n=8/group; *P<0.05 vs 0.4-mmol/L Ca2+,
#P<0.05 vs 1-hour treatment). D, Mean±SEM fibroblast cell count after 1- and 24-hour
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treatment with 50 μmol/L PD98059 (n=6/group; *P<0.05 vs CTL, #P<0.05 vs 1-hour
treatment). E, Mean±SEM percentage of cells in G2/M phase after 50 μmol/L PD98059
treatment (n=6/ group; *P<0.05 vs CTL).
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Figure 3.
A, Representative surface ECG (left) and intracardiac electrograms (right) in an awake dog
with atrial fibrillation (AF) on day 7. B, Mean±SEM atrial effective refractory period (ERP)
in control (CTL; n=11) and AF dogs (n=12) on day 7 (*P<0.05). BCL indicates basic cycle
length. C, Mean±SEM duration of induced AF (*P<0.05 vs CTL). D, Top, Representative
Masson’s trichrome–stained left atrial images from CTL (left) and AF (right) dogs. Bottom,
Representative immunofluorescent images of LA free-wall tissues stained with vimentin. E,
Mean±SEM fibrous tissue content in left atrial free-wall tissues (n=5 CTL, 5 AF dogs). F,
Mean±SEM vimentin-positive area (n=5 CTL, 5 AF dogs; *P<0.05 vs CTL). H,
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Representative immunoblots (top) and mean±SEM vimentin band intensity normalized to
GAPDH (bottom) in left atrial samples from CTL (n=5) and AF dogs (n=5; *P<0.05 vs
CTL).
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Figure 4.
A, Representative nonselective cation current (INSC) recordings before and after pyrazole-3
(Pyr3; 3 μmol/L) in freshly isolated left atrial fibroblasts from control (CTL) dogs and dogs
with tachypacing-induced atrial fibrillation (AF). B, Mean±SEM Pyr3-sensitive INSC density
in CTL dogs (n=6 dogs, 8 cells) and AF dogs (n=6 dogs, 9 cells; P<0.05 vs CTL). C,
Representative immunoblots (top) and mean±SEM TRPC3 subunit band intensity relative to
GAPDH (bottom) in freshly isolated left atrial fibroblasts from CTL (n=6) and AF dogs
(n=6; *P<0.05 vs CTL). D, Representative immunoblots (top) and mean±SEM data
(bottom) for phosphorylated (p-ERK-1/2) and total (t-ERK-1/2) extracellular signal-
regulated kinase 1/2 (ERK-1/2) relative to GAPDH. E, Mean±SEM extracellular matrix
gene mRNA expression in freshly isolated left atrial fibroblasts (n=6 CTL and 6 AF;
*P<0.05 vs CTL). Col indicates collagen; FBN, fibrinogen; FN, fibronectin.
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Figure 5.
A, Mean±SEM cell count of left atrial fibroblasts after 2- and 3-day culture in control dogs
(CTL; n=7) and dogs with tachypacing-induced atrial fibrillation (AF; n=7; *P<0.05 vs
CTL). B, Mean±SEM percentage of cells in G2/M phase (n=7 dogs/group; *P<0.05 vs
CTL). C, Representative immunoblots (top) and mean±SEM α-smooth muscle actin/
GAPDH (αSMA; bottom) in cultured left atrial fibroblasts from CTL (n=6) and AF dogs
(n=7; *P<0.05 vs CTL). D, Mean±SEM cell count of left atrial fibroblasts after 1- or 24-
hour culture with vehicle/control or pyrazole-3 (Pyr3; 3 μmol/L) in AF dogs (n=6/group;
*P<0.05 vs DMSO). E, Mean±SEM percentage of cells in G2/M phase (n=6/group; *P<0.05
vs DMSO). F, Representative immunoblots (top) and mean±SEM α-SMA/GAPDH
expression ratios (bottom) in cultured left atrial fibroblasts from AF dogs (n=7) in the
presence of vehicle (DMSO) or Pyr3 (*P<0.05 vs DMSO). G, Representative immunoblots
(top) and mean±SEM phosphorylated extracellular signal-regulated kinase-1/2 (pERK) and
total ERK-1/2 (tERK) relative to GAPDH (bottom) in cultured left atrial fibroblasts of CTL
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and AF dogs (n=6/group; *P<0.05 vs CTL). H, Representative immunoblots (top) and mean
±SEM ERK (bottom) in left atrial fibroblasts from AF dogs cultured with vehicle (DMSO)
or Pyr3 (3 μmol/L, n=6/group; *P<0.05 vs DMSO).
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Figure 6.
A, Mean±SEM microRNA expression in freshly isolated left atrial fibroblasts in dogs with
tachypacing-induced atrial fibrillation (AF; n=7) and control dogs (CTL; n=7; *P<0.05 vs
CTL). B, Mean±SEM relative microRNA expression in freshly isolated left atrial fibroblasts
in CTL (n=5; *P<0.05 vs miR-26a). A.U. indicates arbitrary units. C, Mean±SEM relative
microRNA expression in freshly isolated left atrial cardiomyocytes in CTL (n=5; *P<0.05
vs miR-26a). D, Mean±SEM relative luciferase activity in HEK293 cells transfected with
miR-26a overexpression (miR-26a duplex) or knockdown (anti-sense anti-miR-26a
oligonucleotides [AMO26a]) probes (n=7/group; P<0.05 vs cells transfected without the
miR-26a probes). E, Representative immunoblots (top) and mean±SEM TRPC3/GAPDH
protein expression (bottom) in dog left atrial fibroblasts transfected with the miR-26a
duplex or AMO26a (n=7; P<0.05 vs cells without miR-26a probes). F, Mean±SEM
fibroblast count in dog left atrial fibroblasts transfected with miR-26a duplex or AMO26a
(n=7/ group; *P<0.05 vs cells transfected without miR-26a probes). G, Mean±SEM
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percentage of cells in G2/M phase (n=7/group; *P<0.05 vs cells transfected without miR-26a
probes).
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Figure 7.
A, Representative immunofluorescent images of freshly isolated left atrial fibroblasts stained
with NFATc3/ NFATc4, vimentin (fibroblast marker), and TOPRO-3 (nuclear marker)
antibodies in dogs with tachypacing-induced atrial fibrillation (AF) and control dogs (CTL).
B, Mean±SEM nuclear/cytoplasmic (Nuc/Cyto) signal intensity ratio of NFATc3 (top) and
NFATc4 (bottom; n=5; *P<0.05 vs CTL). C, Top, Representative immunoblots of cytosolic
and nuclear protein fractions of HSP70 (cytosolic marker), lamin A/C (nuclear marker),
NFATc3, and NFATc4 in freshly isolated left atrial fibroblasts in AF and CTL dogs.
Bottom, Mean±SEM cytoplasmic NFATc3/NFATc4 relative to HSP70 and nuclear
NFATc3/NFATc4 relative to lamin A/C (n=4/group; *P<0.05 vs CTL). D, Mean±SEM
miR-26a and miR-26b expression in control dog left atrial fibroblasts treated with INCA6
(2.5 μmol/L) for 24 hours (n=5/ group; *P<0.05 vs DMSO). E, Representative immunoblots
(top) and mean±SEM TRPC3/GAPDH (bottom) in control dog left atrial fibroblasts treated
with INCA6 (2.5 μmol/L) for 24 hours (n=5; *P<0.05 vs DMSO).

Harada et al. Page 28

Circulation. Author manuscript; available in PMC 2013 June 06.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 8.
A, Mean±SEM duration of induced atrial fibrillation (AF) on day 7 in AF dogs treated
throughout the AF pacing period with intravenous pyrazole-3 (Pyr3; n=6, 0.1 mg · kg−1 ·
d−1) or vehicle (n=6, *P<0.05 vs vehicle). B, Mean±SEM atrial effective refractory period
(ERP; open circles indicate vehicle; filled circles, Pyr3; *P<0.05 vs vehicle). BCL indicates
basic cycle length. C, Representative immunoblots (top) and mean±SEM vimentin band
intensity normalized to GAPDH (bottom) in left atrial tissue samples from Pyr3-treated
(n=5) or vehicle-treated AF dogs (n=5; *P<0.05 vs vehicle). D, Mean±SEM cell count of
left atrial fibroblasts after 2- and 3-day culture in Pyr3-treated (n=6) or vehicle-treated AF
dogs (n=6; *P<0.05 vs vehicle). E, Mean±SEM percentage of cells in G2/M phase (n=6/
group; *P<0.05 vs vehicle). F, Mean±SEM extracellular matrix gene mRNA expression in
freshly isolated left atrial fibroblasts from Pyr3-treated (n=5) or vehicle-treated AF dogs
(n=5; *P<0.05 vs vehicle). Col indicates collagen; FBN, fibrinogen; FN, fibronectin.
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