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Abstract

Cardiac myofibroblasts play an important role in myocardial remodeling. Although α-smooth 

muscle actin (α-SMA) expression is the hallmark of mature myofibroblasts, its role in regulating 

fibroblast function remains poorly understood. We explore the effects of the matrix environment in 

modulating cardiac fibroblast phenotype, and we investigate the role of α-SMA in fibroblast 

function using loss- and gain-of-function approaches. In murine myocardial infarction, infiltration 

of the infarct border zone with abundant α-SMA-positive myofibroblasts was associated with scar 

contraction. Isolated cardiac fibroblasts cultured in plates showed high α-SMA expression 

localized in stress fibers, exhibited activation of focal adhesion kinase (FAK), and synthesized 

large amounts of extracellular matrix proteins. In contrast, when these cells were cultured in 

collagen lattices, they exhibited marked reduction of α-SMA expression, negligible FAK 

activation, attenuated collagen synthesis, and increased transcription of genes associated with 

matrix metabolism. Transforming Growth Factor-βl-mediated contraction of fibroblast-populated 

collagen pads was associated with accentuated α-SMA synthesis. In contrast, serum- and basic 

Fibroblast Growth Factor-induced collagen pad contraction was associated with reduced α-SMA 

expression. α-SMA siRNA knockdown attenuated contraction of collagen pads populated with 

serum-stimulated cells. Surprisingly, α-SMA overexpression also reduced collagen pad 

contraction, suggesting that α-SMA is not sufficient to promote contraction of the matrix. 

Reduced contraction by α-SMA-overexpressing cells was associated with attenuated proliferative 

activity, in the absence of any effects on apoptosis. α-SMA may be implicated in contraction and 

remodeling of the extracellular matrix, but is not sufficient to induce contraction. α-SMA 

expression may modulate cellular functions, beyond its effects on contractility.

Keywords

fibroblast; myofibroblast; myocardial infarction; actin; transforming growth factor-β; α-smooth 
muscle actin; extracellular matrix

Corresponding author: Nikolaos G Frangogiannis, MD, The Wilf Family Cardiovascular Research Institute, Albert Einstein College of 
Medicine, 1300 Morris Park Avenue Forchheimer G46B Bronx NY 10461, Tel: 718-430-3546, Fax: 718-430-8989, 
nikolaos.frangogiannis@einstein.yu.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

DISCLOSURES: None

HHS Public Access
Author manuscript
Biochim Biophys Acta. Author manuscript; available in PMC 2018 January 01.

Published in final edited form as:
Biochim Biophys Acta. 2017 January ; 1863(1): 298–309. doi:10.1016/j.bbadis.2016.11.006.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



INTRODUCTION

In healing tissues, fibroblasts acquire a contractile phenotype, characterized by formation of 

microfilament bundles, and by de novo expression of α-smooth muscle actin (α-SMA). 

These activated cells, termed “myofibroblasts” [1],[2],[3],[4],[5],[6],[7] participate in the 

reparative response, by secreting large amounts of extracellular matrix proteins [8],[9] and 

may be responsible for contraction of healing wounds [10]. Repair of injured tissues is 

dependent on timely activation and deactivation of myofibroblasts; prolonged or excessive 

myofibroblast activity may result in fibrosis and organ dysfunction [11],[12],[13].

The normal mammalian myocardium contains a large number of fibroblast-like cells [14], 

[15],[16]. In the absence of injury, these interstitial cells remain quiescent; however, a wide 

range of injurious processes can induce cardiac fibroblast activation. Conversion of cardiac 

fibroblasts into activated α-SMA-positive myofibroblasts is consistently noted following 

myocardial infarction, both in human patients [17] and in experimental models [18],[19]. 

Because the adult mammalian heart has negligible regenerative capacity, activated 

myofibroblasts play a crucial role in post-infarction cardiac repair, by secreting extracellular 

matrix proteins, thus protecting the heart from catastrophic rupture. Moreover, the capacity 

of infarct myofibroblasts to contract the scar may play an important role in protecting the 

chamber from adverse remodeling [20]. On the other hand, excessive activation of 

fibroblasts in the infarcted heart may contribute to fibrosis, increase stiffness, and promote 

both systolic and diastolic dysfunction [21],[12]

Our group and other investigators have used experimental animal models and in vitro 

approaches to study the role of fibroblasts in the infarcted and remodeling myocardium [22],

[23],[24],[25],[26],[27],[28],[29]. In vitro studies investigating myocardial fibrotic 

responses, have used either cardiac fibroblasts cultured and stimulated in plates, or cells 

enmeshed in collagen lattices [25],[30],[31],[32]. Assessment of fibroblast-mediated 

contraction in collagen pads provides a robust and pathophysiologically relevant model of 

fibroblast function. Although α-SMA expression is a hallmark of the mature myofibroblast, 

its role in regulation of fibroblast behavior and function remains poorly understood. Studies 

using fibroblast-populated collagen lattices suggested that α-SMA expression increases 

fibroblast contractile activity [33], and plays a crucial role in focal adhesion maturation [34]. 

However, other investigations showed that, at a single cell level, fibroblasts and 

myofibroblasts were found to exert comparable contractile forces [35]. Because fibroblasts 

are highly dynamic cells [36], interpretation of the findings derived from different in vitro 

models requires understanding of the distinct characteristics of fibroblasts in each model. 

Our study compares cardiac fibroblast phenotype between the two models, and explores the 

role of α-SMA in fibroblast-mediated matrix contraction.

We report that, in both reperfused and non-reperfused mouse infarcts, scar contraction is 

associated with marked infiltration of the infarct border zone with myofibroblasts. In vitro, 

culture of cardiac fibroblasts in collagen pads markedly suppressed α-SMA expression and 

reduced extracellular matrix synthesis, while promoting synthesis of genes associated with 

matrix metabolism. Contraction of fibroblast-populated pads in response to serum, or 
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specific growth factors was not consistently associated with upregulation of α-SMA. siRNA 

knockdown and overexpression experiments demonstrated that α-SMA is involved in 

collagen pad contraction, but is not sufficient to induce contraction of the matrix. 

Surprisingly α-SMA expression modulated proliferative activity in cardiac fibroblasts. Our 

findings highlight the dynamic phenotype of fibroblasts under different conditions and 

suggest that α-SMA may exert actions independent of its effects on cell contraction.

MATERIALS AND METHODS

Mouse models of reperfused and non-reperfused myocardial infarction

Both male and female, 3–4 month old C57/BL6J mice underwent coronary occlusion/

reperfusion protocols as previously described [37]. Mice were anesthetized by isoflurane 

inhalation (isoflurane 2–3% vol/vol). Non-reperfused myocardial infarction was induced 

using an open chest model of permanent left coronary artery ligation [38]. Reperfused 

infarction was induced using a well-characterized closed-chest model of coronary occlusion 

and reperfusion [39]. Infarcted hearts (after 7 or 28 days of permanent coronary occlusion 

and after 1h ischemia/7–28 days of reperfusion) were fixed in formalin and embedded in 

paraffin.

Immunohistochemistry and histology

Infarcted hearts were sectioned systematically from based to apex in 250µm partitions as 

previously described [39]. One section from each partition was stained for sirius red to 

identify the healing scar. Scar size was morphometrically assessed using ImagePro software 

by dividing the total scar area to the total area of the left ventricle (from all partitions). 

Myofibroblasts in infarcted hearts were identified, as spindle-shaped cells located outside 

the vascular media with α-SMA immunofluorescence using the anti-α-SMA antibody (1A4, 

Santa Cruz Biotech) and an Alexa-Fluor 594-labeled secondary antibody (Molecular 

Probes). Sections were counterstained with DAPI.

Isolation and stimulation of mouse cardiac fibroblasts

Cardiac fibroblasts were isolated from C57/BL6J animals using enzymatic digestion as 

previously described [40], [41] and were cultured in DMEM/F12 (GIBCO Invitrogen 

Corporation, Carlsbad, CA) with 10% Fetal Calf Serum (FCS). Cells were serum-starved at 

passage 2 for 16h and subsequently stimulated with either 10 ng/ml or 50 ng/ml of 

recombinant TGF-β1 (R&D Systems, Minneapolis MN) for 4–24h. Total RNA was isolated 

from the stimulated cells using GeneJET RNA Purification Kit (ThermoFisher Scientific) 

and was reverse transcribed to cDNA using the iScript™ cDNA synthesis kit (Bio-Rad) 

following the manufacturer’s guidelines. Quantitative PCR was performed using the 

SsoFast™ EvaGreen® Supermix (Bio-Rad) method on the CFX384™ Real-Time PCR 

Detection System (Bio-Rad). Primers were synthesized by Integrated DNA Technologies. 

The following genes were assessed: α-SMA, type I collagen, type III collagen, matrix 

metalloproteinase (MMP)2, MMP3, MMP8, tissue inhibitor of metalloproteinases (TIMP)1, 

fibronectin and GAPDH. Each sample was run in triplicate. For experiments with collagen 

pads, RNA was isolated from the stimulated collagen pads using GeneJET RNA Purification 

Kit and the RNA obtained was used for qPCR.
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Collagen pad contraction assay

Cardiac fibroblasts isolated from adult C57/BL6J mice were cultured to passage 2 and 

serum-starved overnight (16 hrs). Collagen matrix was prepared on ice by diluting a stock 

solution of rat 3.0 mg/ml collagen I (GIBCO Invitrogen Corporation, Carlsbad, CA) with 2X 

MEM and distilled water for a final concentration of 1 mg/ml collagen. Cell suspensions in 

2X MEM were mixed with collagen solution to achieve the final 3*105 cells/ml 

concentration. Subsequently, 500 µl of this suspension was aliquoted to a 24-well culture 

plate (BD Falcon, San Jose, CA) and allowed to polymerize at 37°C for 30 min. Following 

polymerization, pads were released from wells, transferred to 6-well culture plate (BD 

Falcon, San Jose, CA) and cultured in 0% FCS DMEM/F12 for 24 h. After 24h, the pictures 

of the plates were taken in Bio-Rad ChemiDoc Imager, and the area of each pad was 

measured using Image Pro software. After incubation, the pads were fixed in formalin and 

processed in paraffin for subsequent histological analysis. For growth factor stimulation 

experiments, the collagen pads were suspended in either serum free DMEM/F12 or with 

10% fetal bovine serum, or TGF-β1 (1–50ng/ml), or bFGF (50 ng/ml) for 24 hours.

α-SMA siRNA knockdown and overexpression experiments

For siRNA knockdown, mouse cardiac fibroblasts at passage 1 were seeded at 80% 

confluence (10 cm dishes) in complete medium and were either transfected with 50 nM ON-

TARGET plus siRNA to α-SMA or transfected with a non-silencing control siRNA 

(Dharmacon) using Lipofectamine® 3000 Reagent (ThermoFisher Scientific). The 

ONTARGET modification is shown to dramatically decrease the off-target effects of the 

siRNA. In a pilot experiment we tested the effectiveness of 4 different siRNAs in reducing 

α-SMA protein levels in unstimulated HT cardiac fibroblasts. We found that although three 

of the four siRNAs reduced the expression of α-SMA, only one of the duplexes (#4, 

J-061937-12) reduced α-SMA protein expression by ~70%. We used this siRNA for all 

following in vitro experiments to achieve targeted knockdown of α-SMA.

The cells were returned to a 5% CO2 incubator and allowed to recover for 24 h. After 24h, 

the cells were harvested using TrypLE ™ Express reagent, counted and populated on 

collagen pads (3 *105 cells/ml concentration). The pads were either suspended in serum free 

DMEM/F12 or stimulated with media containing 10% serum or 10 ng/ml TGF-β for 72 h 

after which the pads were Imaged using Bio-Rad ChemiDoc Imager and contraction was 

assessed using Image J software. Cells were plated in parallel dishes to verify knockdown 

either by Western blots or by fluorescence microscopy.

For α-SMA overexpression experiments, mouse cardiac fibroblasts at passage 1 were seeded 

at 80% confluence (10 cm dishes) in complete medium and were either transfected with 2.5 

ng of αSMA cDNA (Origene ™ Technologies) or transfected with a control entry vector 

using Lipofectamine®3000 Reagent (ThermoFisher Scientific). The cells were then 

processed as above.

Immunofluorescence

In order to assess focal adhesion kinase (FAK) activation, cardiac fibroblasts (1*105 cells per 

well) from wild type mice were seeded on four-well glass culture slides (BD Falcon). Two 
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days later, cells were serum-starved for 16 hours before adding different doses of TGF-β for 

65 min. The cells were fixed for 30 min with 4% paraformaldehyde and processed for 

immunofluorescence with antibodies recognizing phosphorylated FAK (Anti-phospho Y397 

FAK, #ab39967, Abcam) and α-SMA (1A4, Santa Cruz Biotech), followed by Alexa Fluor 

488– or Alexa Fluor 597–conjugated secondary antibodies respectively. The slides were 

mounted using VECTASHIELD Antifade Mounting Medium with DAPI (#H-1200). Images 

were obtained with a Zeiss Axio Imager.M2 microscope and Zeiss AxioVision software.

For the α-SMA knockdown, cardiac fibroblasts from wild type mice were transfected with 

50 nM ONTARGETplus siRNA to α-SMA or transfected with a non-silencing control 

siRNA (Dharmacon) and for overexpression experiments, cells were transfected with 2.5 ng 

of α-SMA cDNA (Origene TM Technologies) or transfected with a control entry vector 

using Lipofectamine®3000 Reagent. The cells were returned to a 5% CO2 incubator, 

allowed to recover for 72 hours, then fixed for 30 min with 4% paraformaldehyde and 

processed for immunofluorescence with the anti-α-SMA antibody.

Assessment of cell density and size in collagen pads

Fibroblast-populated collagen pads were fixed in formalin and embedded in paraffin for 

histologic analysis. Histological sections from fibroblast-populated pads were stained with 

sirius red, and counterstained with hematoxylin, as previously described [25], to identify the 

fibroblasts and to quantitate their density and cell area. For assessment of cell density 4 

random low power (50X) fields were used for each pad; cell density was expressed as the 

number of fibroblast profiles per unit area. For quantitation of cell area, we traced and 

measured the area of 30 fibroblasts from each pad using AxioVision software (Zeiss).

Assessment of fibroblast proliferation in collagen pads

Histological sections from fibroblast-populated pads were deparaffinized in xylene, 

rehydrated through graded alcohols, and permeabilized using Triton-X (0.1%) at room 

temperature for 8 min, followed by several washes in PBS. Nonspecific antibody binding 

was blocked by incubation for 1 hour with 10% goat serum in PBS. Immunohistochemical 

staining was performed with the monoclonal Rat Anti-Mouse Ki-67 Antibody (Clone 

TEC-3, DAKO) using the Vectastain ABC kit (Vector laboratories). Sections were developed 

with the Vector Blue Alkaline Phosphatase Substrate (Vector laboratories) and 

counterstained with the nuclear Fast Red (Sigma, N 8002) to identify nuclei. After two 

washes in distilled water, the pads were mounted using an aqueous mounting medium (Vecta 

Mount AQ; Vector laboratories). Quantitative analysis was performed by scanning 30 

random fields at 400X magnification. Ki-67 positive cells density was calculated as the 

number of Ki-67 positive cells per unit area.

Assessment of fibroblast apoptosis

Histological sections from fibroblast-populated pads were deparaffinized, rehydrated, then 

permeabilized using Triton-X. Apoptotic cells were detected using the fluorescent TUNEL 

cell death detection kit (in situ cell death Detection Kit-TMR Red; Roche). Sections were 

mounted with mounting medium that contained DAPI, to counterstain nuclei 

(VECTASHIELD Mounting Medium with DAPI, Vector Laboratories). 4 random fields at 
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400X magnification were imaged from each pad, and the number of positive and negative 

TUNEL+ cells was counted. The density of apoptotic cells was expressed as the number of 

TUNEL+ cells divided per unit area.

RNA extraction and qPCR

Isolated total RNA from isolated cardiac fibroblasts was reverse transcribed to cDNA using 

the iScript™ cDNA synthesis kit (Bio-Rad) following the manufacturer’s guidelines. 

Quantitative PCR was performed using the SsoFast™ EvaGreen® Supermix (Bio-Rad) 

method on the CFX384™ Real-Time PCR Detection System (Bio-Rad). Primers were 

synthesized by Integrated DNA Technologies. The following sets of primers were used in 

the study: TIMP1 forward GCCTGAACACTGTCTACTT reverse 

TTGCTGCTGTCTGATAGTT; MMP2 forward TCCGCTGCATCCAGACTT, reverse 

GGTCCTGGCAATCCCTTTGTATA; MMP3 forward ATTTGGGTTTCTCTACTT, reverse 

GAAGAACTATAAGCATCAG; MMP8 forward TTAGGATGAGCCATAAGT, reverse 

TTGCTTGGTCTCTTCTAT; collagen I forward GATACTTGAAGAATATGAAC, reverse 

AATGCTGAATCTAATGAA; collagen III forward TACTCATTCACCAGCATA, reverse 

GTATAGTCTTCAGGTCTCA; fibronectin forward AGACTTCTCTCCTCAATG, reverse 

ACCAAACCATAAGAACTTT; GAPDH forward AACGACCCCTTCATTGACCT, reverse 

CACCAGTAGACTCCACGACA.

Protein extraction and western blotting

Mouse cardiac fibroblasts were transfected with either control non-targeting siRNA or α-

SMA siRNA. 96h after transfection, cells were rinsed and lysed on ice in standard 

radioimmunoprecipitation assay (RIPA) lysis buffer [50mMtris-HCl (pH 8), 150 mM NaCl, 

1%Triton X-100, 0.2 mM EDTA, 0.1% SDS, 0.5% sodium deoxycholate, 2 mM 

phenylmethylsulfonyl fluoride, 10% protease inhibitor cocktail (Roche), 10% phosphatase 

inhibitor cocktail (Roche)], and protein concentrations were determined with the BCA 

Assay Reagent (Pierce). Lysates (30 µg-50µg) were subjected to SDS–polyacrylamide gel 

electrophoresis and transferred onto Immuno-Blot polyvinylidene difluoride membranes 

(Bio-Rad). The membranes were blocked [5% BSA in tris-buffered saline (TBS)–Tween], 

incubated with antibodies to α-SMA (1A4, Santa Cruz Biotech), or phosphorylated FAK 

(Anti-phospho Y397 FAK, #ab39967, Abcam), washed, and then incubated with horseradish 

peroxidase (HRP)–linked secondary antibody (1% nonfat milk in TBS-Tween for 1 hour). 

Bound antibodies were detected by enhanced chemiluminescence with SuperSignal West 

Pico or Femto reagents (Pierce). Signal intensity was measured with ChemiDoc™ MP 

System (Bio Rad) and analyzed by Image Lab 3.0 software (Bio Rad). Membranes were 

then stripped and reprobed with an antibody against GAPDH (Santa Cruz Biotechnology) to 

verify equal loading.

Statistical analysis

Data are expressed as mean ± SEM. For comparisons of two groups unpaired, 2-tailed 

Student’s t-test using (when appropriate) Welch’s correction for unequal variances was 

performed. The Mann-Whitney test was used for comparisons between 2 groups that did not 

show Gaussian distribution. For comparison of multiple groups 1-way ANOVA was 

performed, followed by t-test corrected for multiple comparisons (Student-Newman-Keuls). 
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The Kruskall-Wallis test, followed by Dunn’s multiple comparison post-test was used when 

one or more groups did not show Gaussian distribution.

RESULTS

1. Infiltration of the healing infarct with α-SMA-expressing myofibroblasts is associated 
with scar contraction

Repair of the adult mammalian heart is associated with replacement of dead cardiomyocytes 

with a collagen-based scar. We used quantitative morphometric analysis of sirius red-stained 

sections to study remodeling of the scar in mouse models of reperfused and non-reperfused 

myocardial infarction. Reperfused myocardial infarction heals through formation of a mid-

myocardial scar after 7 days of reperfusion, that spares subendocardial and subepicardial 

regions (Figure 1A). After 28 days of reperfusion, scar size is significantly decreased 

(Figure 1B–C), reflecting scar contraction. Permanent coronary occlusion results in 

transmural infarction of the same territory (Figure 1D). Scar size expressed as a percentage 

of the left ventricular area is markedly reduced after 28 days of permanent coronary 

occlusion, reflecting contraction and thinning of the scar and progressive hypertrophy of the 

non-infarcted segments (Figure 1E–F). Immunofluorescent staining for α-SMA labels 

abundant myofibroblasts in the infarct border zone after 7 days of coronary occlusion, as 

spindle-shaped immunoreactive cells, located outside the vascular media (Figure 1G). The 

number of α-SMA+ myofibroblasts is reduced after 28 days of coronary occlusion (Figure 

1H). In contrast, in remote myocardial segments, α-SMA immunoreactivity is 

predominantly localized in vascular mural cells (Figure 1I–J).

2. Fibroblasts populating free-floating collagen pads induce contraction upon stimulation 
with serum or TGF-β1

α-SMA+ myofibroblasts infiltrating the infarct may be responsible for contraction of 

healing myocardial scars. In order to investigate mediators responsible for fibroblast-

mediated scar contraction, we used an in vitro model, in which isolated mouse cardiac 

fibroblasts are enmeshed in free-floating collagen pads. Stimulation with 10% serum 

induced marked contraction of the fibroblast-populated pads (Supplemental figure 1A, B). 

TGF-β1 stimulation (1ng/ml) also induced pad contraction; higher concentrations of TGF-

β1 (10–50 ng.ml) did not further increase pad contraction (Supplemental figure 1C–D).

3. When enmeshed into free-floating collagen pads, cardiac fibroblasts exhibit markedly 
reduced baseline synthesis of collagens and α-SMA and decreased FAK activation

Next, we examined the effects of culture in the collagen pad on cardiac fibroblast 

morphology and gene expression. Fibroblasts cultured in the high-tension (HT) environment 

of the plate exhibited a flat, spread out morphology. Immunofluorescent staining showed 

that fibroblasts cultured in plates exhibited α-SMA incorporation in cytoskeletal filaments 

(Figure 2A). In contrast, fibroblasts cultured in the low-tension (LT) environment of the 

collagen pad were elongated, had dendritic projections and had low levels of α-SMA 

immunofluorescence with punctate cytoplasmic localization (Figure 2B–C). Comparison of 

gene expression showed that pad fibroblasts had a markedly lower expression of α-SMA, 

collagen I, and III, when compared with HT fibroblasts. In contrast, fibronectin mRNA 
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expression was comparable between LT and HT fibroblasts. LT fibroblasts exhibited 

markedly accentuated synthesis of genes associated with matrix metabolism, showing 

increased MMP2, MMP3, MMP8 and TIMP1 levels (Figure 2).

Because FAK signaling is implicated in myofibroblast transdifferentiation and activation 

[42],[43], we compared FAK activity between HT and LT cells. Western blotting for p-FAK 

and immunofluorescence demonstrated that HT cells had abundant expression of p-FAK in 

the presence or absence of TGF-b1. In contrast, LT cells showed negligible FAK activity 

(Supplemental figure 2).

4. Distinct effects of TGF-β on collagen and α-SMA synthesis in HT and LT fibroblasts

Next, we examined the effects of TGF-β 1 stimulation on α-SMA and collagen mRNA 

synthesis in HT fibroblasts. TGF-β1 stimulation (10 ng/ml) induced a 1.7-fold upregulation 

of α-SMA levels after 4 h of stimulation and a 3-fold increase after 24h of stimulation 

(Figure 3A). Moreover, in HT cells, TGF-β1 induced a transient upregulation of collagen I 

and III mRNA synthesis after 4h of stimulation (Figure 3B, C). In low-tension cardiac 

fibroblasts both low (10ng/ml) and high (50ng/ml) concentrations of TGF-β induced a 

modest (1.5–2.0 fold) upregulation of α-SMA (Figure 3D, G), but did not affect collagen I 

and collagen III synthesis (Figure 3E–F, H–I).

5. In LT fibroblasts, TGF-β1 stimulation promotes a matrix-preserving fibroblast phenotype

In LT fibroblasts, both low (10ng/ml – Supplemental figure 3A–D) and high (50ng/ml –

Supplemental figure 3E–H) TGF-β1 concentrations induced a matrix-preserving program, 

markedly attenuating MMP2 (Supplemental figure 3A, E), MMP3 (Supplemental figure 3B, 

F) and MMP8 synthesis (Supplemental figure 3C, G), and upregulating TIMP1 expression 

(Supplemental figure 3D, H).

6. Serum-induced pad contraction is associated with reduced α-SMA mRNA synthesis

Stimulation with 10% serum markedly increased contraction of fibroblast-populated 

collagen pads (Supplemental figure 1). Surprisingly, increased pad contraction upon serum 

stimulation was associated with reduced α-SMA expression (Supplemental figure 4A), 

suggesting that serum-induced pad contraction was not due to enhanced myofibroblast 

transdifferentiation. Moreover, serum stimulation did not significantly affect collagen I and 

III synthesis (Supplemental figure 4B–C), but reduced MMP2 mRNA expression 

(Supplemental figure 4D) and enhanced TIMP1 expression levels (Supplemental figure 4G). 

Serum had no significant effects on transcription of the collagenases MMP3 and MMP8 

(Supplemental figure 4E, F).

7. Basic fibroblast growth factor (bFGF)-mediated pad contraction is associated with 
attenuated α-SMA synthesis

Stimulation with bFGF (50ng/ml) also significantly increased contraction in fibroblast-

populated collagen pads (Figure 4A, B). bFGF stimulation markedly reduced α-SMA 

synthesis in pad fibroblasts (Figure 4C), suggesting that enhanced myofibroblast 

transdifferentiation is not responsible for bFGF-induced pad contraction. bFGF reduced 

matrix protein expression in pad fibroblasts, significantly attenuating collagen I and collagen 
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III mRNA synthesis (Figure 4D, E). Moreover, bFGF stimulation reduced MMP2 (Figure 

4F) and MMP8 expression (Figure 4H) and increased TIMP1 levels (Figure 4I), changes 

consistent with activation of a matrix-preserving fibroblast phenotype. bFGF had no effect 

on MMP3 mRNA expression (Figure 4G).

8. α-SMA overexpression does not significantly affect contraction of fibroblast-populated 
pads upon serum stimulation

α-SMA expression has been implicated in scar contraction both in vivo, and in fibroblast-

populated collagen pads. Our experiments showed that, although contraction of the healing 

infarct is associated with infiltration of the scar with α-SMA-expressing myofibroblasts 

(Figure 1), pad fibroblasts express low levels of α-SMA, and accentuated contraction of 

pads populated with serum or bFGF-stimulated fibroblasts cannot be attributed to increased 

α-SMA levels (Supplemental figure 4, Figure 4). In order to directly investigate the potential 

role of α-SMA in mediating collagen pad contraction, we performed α-SMA overexpression 

experiments. α-SMA-overexpressing cells, cultured in the high-tension environment of the 

plate exhibited increased α-SMA expression, incorporated into the cytoskeletal stress fibers 

(Figure 5A–B). Surprisingly, α-SMA overexpression attenuated contraction in pads 

populated by unstimulated cells, and did not affect contraction by serum-stimulated 

fibroblasts (Figure 5C). Immunofluorescent staining demonstrated that α-SMA-

overexpressing fibroblasts in collagen pads exhibited increased cytoplasmic and sub-

membrane α-SMA staining, in the absence of localization in stress fibers (Figure 5D, E).

9. In fibroblast-populated collagen pads, α-SMA overexpression attenuates the serum-
mediated increase in fibroblast density

In order to examine the basis for the surprising attenuation of pad contraction upon α-SMA 

overexpression, we studied the morphometric characteristics of α-SMA-overexpressing 

fibroblasts in pads. Serum stimulation induced a marked increase in cell density; α-SMA 

overexpression attenuated the serum-mediated increase in fibroblast density (Supplemental 

figure 5A, C). Quantitative morphometric analysis showed that serum stimulation increased 

mean cell area; α-SMA overexpression attenuated the serum-induced increase in cell size 

(Supplemental figure 5B, D).

10. α-SMA overexpression reduces fibroblast proliferative activity, but does not affect 
apoptosis

Reduced cell density in collagen pads populated with α-SMA overexpressing fibroblasts 

may be due to attenuated proliferation or increased cell death. In order to investigate the 

effects of α-SMA overexpression on fibroblast proliferation, we identified proliferating cells 

using staining for Ki-67. Sections from mouse bowel were used as a positive control (Figure 

6A). Serum stimulation markedly increased the number of proliferating fibroblasts; α-SMA 

overexpression attenuated serum-mediated fibroblast proliferation (Figure 6B–C). In order 

to examine whether α-SMA overexpression affects fibroblast apoptosis we performed 

TUNEL staining (Figure 6D). Serum stimulation reduced the number of apoptotic cells in 

both α-SMA overexpressing and control cells. α-SMA overexpression did not affect the 

number of apoptotic cells (Figure 6E–F).
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11. α-SMA knockdown attenuates contraction in fibroblast-populated collagen pads upon 
serum stimulation

Next, we examined whether α-SMA knockdown affects contraction of fibroblast-populated 

collagen pads. siRNA knockdown markedly attenuated expression of α-SMA in fibroblasts 

(Figure 7A–C). α-SMA knockdown markedly reduced contraction of pads populated with 

serum-stimulated cells, suggesting that α-SMA is implicated in serum-induced pad 

contraction (Figure 7D).

12. α-SMA knockdown increases cell density in serum-stimulated collagen pads

Attenuated serum-mediated contraction in pads populated with α-SMA KD cells occurred 

despite a significantly increased cell density (Supplemental figure 6A, C). α-SMA KD did 

not affect cell size in unstimulated and serum-stimulated cells (Supplemental figure 6B, D).

13. α-SMA knockdown accentuates serum-mediated fibroblast proliferation without 
affecting fibroblast apoptosis

Ki-67 staining showed that α-SMA knockdown increases baseline proliferative activity and 

accentuates serum-induced proliferation in cardiac fibroblasts (Figure 8A–B). TUNEL 

staining showed that α-SMA knockdown does not affect fibroblast apoptosis in control and 

serum-stimulated fibroblasts (Figure 8C–D).

DISCUSSION

Our study demonstrates that cardiac fibroblasts exhibit dynamic phenotypic alterations in 

response to their microenvironment. Culture of cardiac myofibroblasts in collagen pads 

causes disassembly of stress fibers and markedly reduces α-SMA and collagen synthesis, 

while inducing expression of genes associated with matrix metabolism. Although α-SMA 

expression in infarct myofibroblasts has been implicated in scar contraction, in free-floating 

collagen pads, serum and bFGF induce contraction, despite a reduction of α-SMA levels. 

We also report that α-SMA expression in fibroblasts is not sufficient to induce contraction of 

free-floating collagen pads, but may modulate proliferative activity. Our findings illustrate 

the remarkable phenotypic plasticity of cardiac fibroblasts and suggest that α-SMA 

expression in myofibroblasts may have effects beyond scar contraction.

The dynamic changes of the fibroblasts in healing infarcts

Following myocardial infarction, alarmins released by dying cardiomyocytes trigger an 

intense inflammatory reaction that clears the wound from dead cells, while setting the stage 

for repair [44]. Secretion of inflammatory mediators and growth factors induces sequential 

phenotypic alterations in cardiac fibroblasts that contribute to the inflammatory and 

reparative response. During the early hours after infarction, cardiac fibroblasts may acquire a 

pro-inflammatory and matrix-degrading phenotype, serving as an important source of 

cytokines, chemokines and proteases, and mediating leukocyte infiltration [41]. In the 

inflammatory environment of the infarct, Interleukin (IL)-1 induces MMP expression and 

reduces fibroblast α-SMA synthesis, delaying myofibroblast transdifferentiation until the 

wound is cleared from dead cells and matrix debris [41]. Clearance of apoptotic cells and 

matrix fragments by professional phagocytes is associated with release of anti-inflammatory 
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mediators (such as TGF-β), and with suppression of pro-inflammatory cytokine synthesis. In 

the infarct border zone, release of bioactive TGF-β co-operates with specialized matrix 

proteins, triggering conversion of fibroblasts into myofibroblasts [40],[45]. Activated 

myofibroblasts, the main matrix-producing cells in the healing infarct [46], express large 

amounts of α-SMA (Figure 1). Because of its abundant expression in infarct myofibroblasts 

and its known contractile properties, α-SMA has been suggested as a crucial mediator in 

contraction and remodeling of the healing scar [33].

Culture in a collagen lattice alters the phenotypic characteristics of cardiac fibroblasts

Mechanical tension and changes in the composition of the surrounding extracellular matrix 

play important roles in modulating the phenotypic and functional characteristics of 

fibroblasts [47],[48]. Our findings highlight the pronounced effects of the matrix 

environment on fibroblast phenotype. In culture plates, a large number of cardiac fibroblasts 

undergo myofibroblast transdifferentiation, forming stress fibers decorated by α-SMA. In 

contrast, when cardiac fibroblasts are cultured in collagen pads, they acquire a round, or 

dendritic morphology and express low levels of α-SMA (<5% of the levels in high-tension 

fibroblasts), exhibiting disassembly of the stress fibers (Figure 2A–B). Activation of FAK 

signaling may be implicated in acquisition of a myofibroblast phenotype in cells cultured in 

plates [49] (Supplemental figure 2). In contrast, in the low tension environment of the 

collagen pad FAK activity is markedly suppressed.

Moreover, pad fibroblasts synthesize much lower amounts of collagen I and III, but exhibit 

high level synthesis of genes involved in matrix metabolism, such as MMPs and TIMPs 

(Figure 2C–I)). Thus, high tension fibroblasts resemble activated myofibroblasts in healing 

infarcts, whereas pad fibroblasts have characteristics similar to the quiescent interstitial 

populations residing in normal myocardium. The two distinct models of cardiac fibroblast 

culture provide complementary information regarding the properties of fibroblasts in 

homeostasis and disease.

Contraction of fibroblast-populated pads is not associated with increased a-SMA 
expression

When populated with fibroblasts, collagen pads contract recapitulating scar contraction 

following myocardial infarction. Collagen pad contraction is accentuated when the cells are 

stimulated with serum, or with the growth factors TGF-β1 and bFGF (Supplemental figure 

1, Figure 4). Known associations between myofibroblast phenotype and contractile activity 

suggest that increased expression of α-SMA, the predominant contractile protein expressed 

by myofibroblasts, may be involved in pad contraction [33]. Surprisingly, our findings do 

not support this notion. Increased pad contraction is not consistently associated with higher 

levels of α-SMA expression by fibroblasts. Although in TGF-β-stimulated cells, increased 

α-SMA levels were associated with accentuated pad contraction (Supplemental figure 1, 

Figure 3), serum and bFGF stimulation induced collagen contraction, despite a significant 

reduction in α-SMA synthesis (Supplemental figure 1, Supplemental figure 4, Figure 4).
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Effects of a-SMA knockdown on contraction of fibroblast-populated pads

In order to directly examine whether α-SMA expression mediates contraction of fibroblast-

populated collagen pads, we performed siRNA knockdown experiments. α-SMA 

knockdown attenuated contraction of serum-stimulated collagen pads (Figure 7). The finding 

may reflect loss of early myofibroblast-induced contraction upon α-SMA downmodulation. 

Before placement in the pads, cardiac myofibroblasts exhibit high levels of α-SMA 

expression that may be responsible for early contraction of the pad, until levels are 

suppressed in the low tension environment of the collagen lattice. Surprisingly, α-SMA 

knockdown accentuated proliferative activity, without affecting apoptosis (Figure 8). Thus, 

reduced contraction upon α-SMA knockdown occurred despite an increase in the number of 

cells populating the pad.

a-SMA overexpression is not sufficient to induce collagen pad contraction, but reduces 
proliferative activity

We reasoned that, although α-SMA may not be the only factor mediating collagen 

contraction in fibroblast-populated pads, forced overexpression of α-SMA in fibroblasts 

may be sufficient to promote contraction. Surprisingly, increased α-SMA expression in 

cardiac fibroblasts attenuated contraction of collagen pads populated with unstimulated 

cells, and had no effects on pads containing serum-stimulated fibroblasts (Figure 5). The 

failure of α-SMA overexpression to induce contraction may be explained by the absence of 

α-SMA incorporation into stress fibers in cells populating the pads. In the low tension 

environment of the collagen pad, fibroblasts do not exhibit stress fibers; overexpressing cells 

exhibit punctate cytoplasmic and sub-membrane α-SMA localization (Figure 5D–E) that 

would not be expected to accentuate contractile force. Our findings suggest that α-SMA 

overexpression is not sufficient to increase fibroblast-mediated matrix contraction; this 

process may require expression of other contractile proteins, or activation of signaling 

pathways necessary for preservation of stress fibers and for incorporation of α-SMA into the 

stress fibers [50], [51]. Moreover, the observed inhibitory effects of α-SMA overexpression 

on pad contraction may reflect changes in proliferative activity of the cells. Reduced serum-

induced fibroblast proliferation in α-SMA-overexpressing cells (Figure 6) may be 

responsible, at least in part, for attenuated pad contraction.

a-SMA as a modulator of fibroblast phenotype

In addition to its known role as a regulator of contractile activity, α-SMA may exert 

additional actions, modulating pathways critical for cellular responses. Associative studies 

have suggested that high α-SMA expression may mark a fibroblast subtype with a higher 

capacity to remodel the extracellular matrix [52]. Whether this is due to direct actions of α-

SMA, or represents an epiphenomenon is unclear. Experiments investigating the effects of 

α-SMA expression on fibroblast migration have produced conflicting results. Lung 

fibroblasts expressing large amounts of α-SMA exhibited increased migratory activity 

towards fibronectin [53]. However, other studies demonstrated that fibroblast strains with 

increased α-SMA expression had reduced migratory capacity and that α-SMA knockdown 

increased cell motility [54]. α-SMA has been implicated in activation of mechanosensitive 

signaling pathways. Filamentous α-SMA activates Mitogen Activated Protein Kinase 
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(MAPK) signaling, and cells overexpressing α-SMA exhibit accentuated tensile force-

induced activation of p38 [55]. In embryonic stem cells, α-SMA expression may regulate 

cell fate [56]. In mesenchymal stromal cells, α-SMA overexpression reduced adipogenic 

potential by inducing Yes-associated protein (YAP)/transcriptional coactivator with PDZ-

binding motif (TAZ) nuclear localization [57]. Because overactive YAP/TAZ signaling is 

associated with a proliferative phenotype [58], activation of this pathway may not explain 

our observed effects of α-SMA overexpression on cardiac fibroblast proliferation. The 

potential significance of cytoplasmic α-SMA expression in the absence of stress fiber 

localization remains unclear.

In vivo actions of a-SMA

Information on the role of α-SMA expression by activated myofibroblasts in vivo remains 

limited. In a model of cutaneous injury, mice with global loss of α-SMA had delayed 

contraction and immature organization of cutaneous wounds [59]. Whether these defects 

result from impaired myofibroblast transdifferentiation, or reflect actions of α-SMA in 

vascular cells and wound angiogenesis or vascular maturation remains unknown. In vivo 

approaches specifically targeting α-SMA expression in myofibroblasts are needed to dissect 

the potential role of α-SMA expression in fibroblast activation and function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS

• In healing infarcts, scar contraction is associated with accumulation of 

α-SMA-expressing myofibroblasts.

• Culture of cardiac myofibroblasts in collagen pads causes disassembly 

of stress fibers, and reduces α-SMA and collagen synthesis.

• Serum and bFGF increase contraction of fibroblast-populated collagen 

pads, despite attenuating α-SMA synthesis.

• α-SMA knockdown attenuates serum-induced contraction of fibroblast-

populated collagen pads.

• α-SMA overexpression also reduces pad contraction, attenuating 

fibroblast proliferative activity.
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Figure 1. 
In healing mouse infarcts, myofibroblast infiltration is associated with scar contraction. A-F: 

Sirius red staining was performed to label the area of the infarct in mice undergoing 

reperfused (A–C) and non-reperfused infarction protocols (D- F) (scalebar=1mm). Mouse 

hearts were sectioned at 250µm partitions and the scar size was assessed by measuring the 

sirius red-stained area at each level. A. The representative image shows a midmyocardial 

scar (arrows) after 1h of ischemia and 7 days of reperfusion, sparing the subendocardial and 

subepicardial region. B. After 1h of ischemia and 28 days of reperfusion, there is marked 

thinning of the infarcted area (arrows). C. Quantitative analysis shows a marked reduction of 

scar size after 28 days of reperfusion, reflecting contraction of the scar (*p<0.05, n=15–23/

group). D. Permanent coronary occlusion caused a transmural infarct, leading to 

replacement of dead cardiomyocytes with scar (arrows) in the entire area at risk. E. Marked 

thinning of the scar was noted after 28 days of permanent occlusion (arrows). F. Quantitative 

analysis showed a 50% reduction in scar size at the 28-day timepoint, reflecting scar 

contraction (**p<0.01, n=14/group). G-J. α-SMA staining identifies abundant 

myofibroblasts in healing myocardial infarcts after 7 days of coronary ischemia (arrows). H. 

Myofibroblast density is markedly reduced after 28 days of ischemia, as the scar matures 

(arrows). I-J. In contrast, in the remodeling non-infarcted myocardium, α-SMA 

immunoreactivity is predominantly localized in the arteriolar media (arrowheads - I, 7 days 

of ischemia; J, 28 days of ischemia) (scalebar=50µm).
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Figure 2. 
Comparison of phenotypic characteristics between high-tension (HT) fibroblasts, cultured in 

plates, and low-tension (LT) fibroblasts after 24h in collagen pads. A. HT and LT cells were 

stained for α-SMA. Immunofluorescence shows that HT fibroblasts are large cells with 

incorporation of α-SMA in the cytoskeleton (scalebar=10µm). In contrast, LT cells in 

collagen pads exhibit low level punctate α-SMA staining (arrows). qPCR analysis shows 

that HT fibroblasts exhibit markedly higher α-SMA (B), collagen I (C) and III (D) mRNA 

synthesis. Fibronectin synthesis was comparable between HT and LT cells (E). LT cells in 

collagen pads exhibited much higher expression of genes associated with matrix 

metabolism, such as MMP2 (F), MMP3 (G), MMP8 (H) and TIMP1 (I) (**p<0.01, n=6/

group).
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Figure 3. 
Effects of TGF-β1 stimulation on α-SMA and collagen synthesis in high-tension fibroblasts 

(cultured in plates) and in low-tension cardiac fibroblasts (stimulated in collagen pads). A. In 

high-tension cells, TGF-β1 (10ng/ml) stimulation for 4–24h markedly upregulated α-SMA 

mRNA synthesis. B-C. TGF-β1 also induced a transient upregulation of collagen I (B) and 

III (C). D-F. In low tension cells, stimulation with low concentration TGF-β1 (10 ng/ml) 

modestly, but significantly increased α-SMA expression (D), without affecting collagen I 

(E) and III (F) synthesis. G-I. High concentration TGF-β1 (50 ng/ml) also upregulated α-

SMA synthesis (G) in low tension cells without affecting collagen I (H) and III (I) levels 

(*p<0.05, **p<0.01 vs. C, n= 6–12/group).
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Figure 4. 
Effects of bFGF on collagen pad contraction and fibroblast gene expression. A-B. bFGF 

enhanced contraction of fibroblast-populated collagen pads (scalebar=5mm). C. bFGF 

stimulation reduced α-SMA expression by cardiac fibroblasts. bFGF attenuated collagen I 

(D) and III (E) synthesis. F. bFGF reduced fibroblast MMP2 expression. G. bFGF did not 

affect MMP3 synthesis (G), but significantly decreased MMP8 expression by cardiac 

fibroblasts. I. bFGF accentuated TIMP1 expression (**p<0.01, n=8–14/group).
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Figure 5. 
α-SMA overexpression in cardiac fibroblasts attenuates baseline pad contraction and does 

not affect serum-stimulated contraction. A. Isolated high-tension fibroblasts were stained for 

α-SMA, phalloidin (to identify F-actin filaments) and DAPI. B. α-SMA overexpression 

markedly increased α-SMA expression and incorporation in cytoskeletal stress fibers. C. α-

SMA overexpression (OE) attenuated baseline pad contraction, without affecting serum (S)-

induced contraction (**p<0.01 vs. control-plasmid (Cp), n=8–10/group; ^^p<0.01 vs. 

unstimulated cells). D. In collagen pads, cardiac fibroblasts exhibit low levels of α-SMA 

immunoreactivity. E. α-SMA-overexpressing cells in collagen pads show high expression of 

α-SMA with cytoplasmic and sub-membrane localization (arrows) (scalebar=10µm).
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Figure 6. 
α-SMA overexpression attenuates fibroblast proliferation, but does not affect apoptosis. A-

C. Ki-67 immunohistochemistry was used to identify proliferating cells. A. Sections from 

the mouse bowel were used as a positive control, identifying proliferating epithelial cells in 

the base of intestinal crypts (arrows) (scalebar=50µm). B-C. Quantitative analysis of the 

density of Ki-67+ cells in pads showed that serum (S) increased the density of proliferating 

cells (C -arrows) (^p<0.05, ^^p<0.01 vs. control, *p<0.05; n=3/group). α-SMA 

overexpression (OE) did not affect the baseline density of proliferating cells (when 

compared with control-plasmid (Cp) cells), but attenuated serum-mediated proliferative 
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activity (B- scalebar=20µm). D-F. TUNEL staining was used to identify apoptotic cells 

(scalebar=50µm). D. DNAse-treated sections served as a positive control (arrows). Small 

numbers of apoptotic cells were noted in control collagen pads (E, F - arrows). The density 

of apoptotic cells was reduced in serum-stimulated pads (^p<0.05 vs. corresponding 

unstimulated cells, n=3/group); however, α-SMA overexpression did not affect fibroblast 

apoptosis.
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Figure 7. 
α-SMA knockdown attenuates serum-mediated collagen pad contraction. siRNA 

knockdown experiments were performed to examine the role of α-SMA in contraction of 

fibroblast-populated collagen pads. A-B. α-SMA staining showed that siRNA knockdown 

markedly reduced α-SMA content in high-tension cardiac fibroblasts (scalebar=10µm). C. 

Western blotting confirmed the reduction of α-SMA expression (**p<0.01 vs., control 

siRNA, n=3/group). D. α-SMA knockdown attenuated serum (S)-induced contraction of 

collagen pads (*p<0.05 vs. Csi+S, n=3–6/group).
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Figure 8. 
α-SMA knockdown increased fibroblast proliferation, but had no effects on apoptosis. A-B. 

Ki-67 staining was used to identify proliferating cells (scalebar=20µm). Serum stimulation 

(S) markedly increased cell proliferation (^^p<0.01 vs. corresponding controls); α-SMA 

siRNA knockdown accentuated proliferative activity (*p<0.05, **p<0.01 vs. corresponding 

controls). C-D. TUNEL staining was used to assess apoptosis (scalebar=50µm). Serum 

stimulation decreased the density of apoptotic cells (^p<0.05 vs. control); however α-SMA 

SiRNA knockdown did not affect fibroblast apoptosis (n=3–6/group).
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