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Abstract  31 

Platelet-derived growth factor (PDGF)-A, which only signals through PDGF-receptor-alpha (PDGFRα) is 32 

required for secondary alveolar septal formation.  Although PDGFRα distinguishes mesenchymal 33 

progenitor cells during the saccular stage, PDGFRα-expressing alveolar cells persist through adulthood.  34 

PDGF-A sustains proliferation, limits apoptosis, and maintains alpha-smooth muscle actin (αSMA) 35 

containing alveolar cells, which congregate at the alveolar entry ring at postnatal day (P)12.  PDGFRα-36 

expressing, αSMA-containing, alveolar cells re-distribute in the elongating septum, suggesting that they 37 

migrate to the alveolar entry rings where mechanical tension is higher.  We hypothesized that PDGFRα 38 

and Ras-related C3 botulinum toxin substrate 1(Rac1) are required for mechanosensitive myofibroblast 39 

migration.  Spreading of PDGFRα-deficient lung fibroblasts was insensitive to increased rigidity, and 40 

their migration was not reduced by Rac1-guanine exchange factor (GEF)-inhibition.  PDGFRα-expressing 41 

fibroblasts migrated towards stiffer regions within 2-dimensional substrates by increasing migrational 42 

persistence (durotaxis).  Using a Förster resonance energy transfer (FRET) biosensor for Rac1-GTP, we 43 

observed that PDGFRα was required for fibroblast Rac1-responsiveness to stiffness within a 3-44 

dimensional collagen substrate, which by itself increased Rac1-FRET.  Rho-GTPase stabilized whereas 45 

Rac1-GTPase increased the turnover of focal adhesions.  Under conditions which increased Rac1-GTP, 46 

PDGFRα signaled through both phosphoinositide-3-kiase (PIK) or Src to engage the Rac1 guanine-47 

exchange factors (GEF)s dedicator of cytokinesis-1 (Dock180) and p21-activated-kinase interacting 48 

exchange factor-β (βPIX).  In cooperation with collagen fibers, these signaling pathways may guide 49 

fibroblasts toward the more rigid alveolar entry ring during secondary septation.  Because emphysema 50 

and interstitial fibrosis disrupt the parenchymal mechanical continuum, understanding how mechanical 51 

factors regulate fibroblast migration could elicit strategies for alveolar repair and regeneration. 52 

 53 

  54 
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Introduction  55 

Secondary alveolar septation, which in mice exclusively and in humans primarily occurs after birth, 56 

geometrically increases gas-exchange surface area (7).  Secondary septa arise from primary septal crests, 57 

in locations where α-smooth muscle actin-containing interstitial mesenchymal cells (myofibroblasts), lie 58 

adjacent to elastic fibers, which eventually assemble into a continuous network.  Elastic fiber density 59 

varies along the network and is highest at septal tips and bends, where myofibroblasts congregate and 60 

contribute to locally elevated mechanical tension (41) (47).  During secondary septation, collagen gene 61 

expression peaks ahead of elastin and before alveolar myofibroblasts are most abundant.  Discontinuous 62 

collagen fibers first appear in the termini and then within the walls of expanding saccules (58), becoming 63 

more continuous, interweaving with elastic fibers to form cables, and congregating at the alveolar entry 64 

rings,  This progressive contiguity is consistent with dual production of collagen and elastin by 65 

fibroblasts.  Studies performed during alveolar development (9), regeneration after pneumonectomy (23) 66 

and repair following injury induced by bleomycin (63) or elastase (46), have all established that alpha 67 

smooth muscle actin (αSMA)-containing alveolar myofibroblasts deposit both collagen and elastic fibers.  68 

In adult lungs, elastic fibers form the core of stress-bearing cables, suggesting that the collagen network 69 

underwent remodeling and relocation (1). 70 

In destructive parenchymal lung diseases, including bronchopulmonary dysplasia, emphysema and 71 

pulmonary fibrosis, interstitial fibroblasts fail to maintain the normal alveolar architecture and the load-72 

bearing elastic network.  Abnormal myofibroblasts are central to these defects.  In pulmonary fibrosis, 73 

myofibroblast apoptosis is reduced and excessive collagen thickens the alveolar walls and promotes 74 

alveolar collapse (24).  In emphysema, myofibroblast apoptosis is increased, leaving a larger proportion 75 

of interstitial fibroblasts, which are not myofibroblasts (49).  Increased myofibroblast signaling through 76 

Rho-GTPase contributes to pulmonary fibrosis (65), but less is known about mechanosensitive Rho-77 

family GTPase-signaling during emphysematous distortion of the continuum of interstitial collagen and 78 

elastic fibers.   79 

Although more attention has been paid to elastic fibers, collagen fibers are also altered in 80 
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emphysema.  Collagen degradation products are increased in humans with COPD: both urine 81 

pyridinolines (52) and serum collagen endo-peptides (51).  Circulating procollagen peptides are elevated 82 

following COPD exacerbations, consistent with active collagen synthesis (51).  When administered 83 

intratracheally to mice, porcine pancreatic elastase increases, rather than decreases collagen (42) (14), 84 

particularly in regions of emphysema.  Other studies suggest that a non-uniform distribution of collagen 85 

produces mechanical forces, which propagate emphysema after inflammation abates (17).  It remains 86 

unclear how anatomical and mechanical distortion impact the ability of fibroblasts to restore the alveolar 87 

architecture.  88 

Signaling by PDGF-AA (PDGF-A) through PDGFRα is required to establish and maintain the 89 

myofibroblast precursor population (33).  During secondary septation, PDGFRα-expressing 90 

myofibroblasts progressively congregate at the alveolar entry ring, which forms the septal tip in planar 91 

sections.  This distal relocation likely involves cell migration, but it remains unclear what drives 92 

migration.  Although PDGF-A stimulates migration, a distally increasing septal chemotactic gradient has 93 

not been demonstrated.  The Rho-GTPase family member Rac1 is essential for mesenchymal cell 94 

migration and its abundance in the active GTP-bound state is controlled by (a) guanine-exchange factor 95 

(GEF)s which promote and (b) GTPase-activating  proteins (GAP)s, which reduce GTP-binding; and by 96 

(c) guanine nucleotide dissociation inhibitors (GDI)s which sequester Rac1 in the cytoplasm.    97 

We hypothesized that PDGFRα and Rac1 are required for mechanosensitive myofibroblast 98 

migration. To address this hypothesis, we have studied mechanosensitive spreading and migration by 99 

fibroblasts either expressing or lacking PDGFRα.  Cell migration along an axis of increasing substrate 100 

stiffness (durotaxis) was studied using PDGFRα-expressing mouse LF.  Figure 1A schematically depicts 101 

how PDGFRα signals to Rac1 at the leading edge of polarized, migrating fibroblasts. Signaling through 102 

PDGFRα and Rac1 enhanced migration, which was reduced when fibroblasts lacked PDGFRα.   103 

Materials and Methods  104 

Materials  105 

Reagents: LY-294002 –hydrochloride #L9908, fibronectin adhesion promoting peptide, #F3667, 106 
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SigmaAldrich, St. Louis MO; NSC23766, catalog #1261; Y27632, #1254;  U73122, #1268; Tocris, 107 

Minneapolis, MN;  Lipofectamine 2000, Hams F12, OptiMEM medium, FluoroBrite™ DMEM medium, 108 

Sulfo-SANPAH, #22589 and ToPro-3 ThermoFisher, Waltham, MA; human  rPDGF-A, 221AA, human 109 

rVitronectin #2308VN, R&D Systems, Minneapolis, MN; Acti-stain A488 phalloidin, #PHDG1 110 

Cytoskeleton Inc. Denver, CO;. Easy Coat activated Softview™ hydrogels 1, 8 and 25 kPa, Matrigen, 111 

Brea, CA; Nusil gel 8100, Nusil Technology, Carpinteria, CA; Sylgard 184, Dow Corning, Midland, MI;.  112 

Antibodies:  anti-talin, goat-anti human C-terminus, sc-7534, SantaCruz Biotech. Dallas, TX; anti-113 

phospho paxillin (Tyr118), #2541S, Cell Signaling Technology, Danvers, MA; anti-p130Cas (BCAR1), 114 

goat polyclonal, #OAEB03174, and anti-β-PIX (ARHGEF1) rabbit polyclonal,  #OASG05888, AVIVA 115 

Systems, San Diego, CA; anti-ELMO1 rabbit polyclonal #PA5-28406, Thermo Fisher; anti-Paxillin, 116 

sheep polyclonal, #AF4259, R&D Systems, Minneapolis, MN.  Plasmids and vectors: mCerulean N1, 117 

#27795, mVenus N1, #27793, Addgene, Cambridge, MA; Modification V2 Rac1 WT FRET (Förster 118 

resonance energy transfer) biosensor: mCerulean donor and  mVenus acceptor (Louis Hodgson, Albert 119 

Einstein University, New York, NY) (38).  The biosensor was cloned into the pacAd5CMVmcspA shuttle 120 

vector and incorporated into Adenovirus 5, University of Iowa Viral Vector Core, Iowa City, IA.   121 

Mice: Mice with a targeted deletion of LoxP- pdgfrhave been described (35).  The DNA coding Cre-122 

recombinase was inserted into exon -1 of transgelin (tagln, TG) and mediates Cre-recombination 123 

postnatally but not in the embryo (62).  Transgelin is expressed in pulmonary myofibroblasts, pericytes 124 

and smooth muscle cells.  The genotype for mice with the conditional PDGFRα-gene deletion was 125 

TGCre+/-;PDGFRαFlox/Flox (PDGFRαF/F).  Littermate controls whose genotype was TGCre+/-126 

;PDGFRαF/- were phenotypically indistinguishable from wildtype mice (TGCre-/-, no LoxP flanked 127 

alleles).  Mice bearing the PDGFR-GFP construct have been described (21).  Production of GFP, which 128 

bears a nuclear localization signal, is under the control of the endogenous pdgfr promoter.   GFP 129 

expression in the PDGFR-GFP mice spatially and temporally recapitulates endogenous pdgf-r 130 

expression (15).   The heterozygous mice used in this study carried one pdgfr-GFP allele (which does 131 
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not encode for active PDGFR) and one functional pdgfr allele and are phenotypically identical to 132 

wildtype (GFP-) mice.  Littermate controls did not bear a PDGFRα-GFP allele.  Protocols for animal use 133 

were approved by the Iowa City Veterans Affairs Medical Center animal use committee. 134 

Methods  135 

Isolation of primary mouse fibroblasts  Lung fibroblasts (LF) were isolated on P8from TGCre+/-136 

;PDGFRαF/F, double heterozygous littermates controls (TGC+/-;PDGFRa+/-) or wildtype control mice 137 

bearing neither TGCre, nor PDGFRFa-Flox, following a previously reported method involving digestion 138 

with collagenase, and were used without sub-culturing (33).  The dispersed cells were resuspended in 139 

Ham’s F-12 medium containing 10% FBS and LFs were selected by their adherence to tissue culture 140 

dishes for 1h at 370C and approximately one-third of the adherent cells were PDGFR-GFP+.  The purity 141 

of the LF isolate was assessed by immunostaining for cellular markers specific for epithelial (anti-pan 142 

cytokeratin antibody), macrophage (CD 206) and endothelial (CD31) cells (36).  Epithelial and 143 

endothelial cells comprised approximately 2.5 and 1.6 %  respectively, whereas macrophages were only 144 

detected in the PDGFR-GFP
 neg 

 population (36).   145 

Primary fibroblast cell culture: The methods for culturing LF have been published (21) (33).  Fibroblasts 146 

used for confocal microscopy were plated onto glass bottom dishes (MatTek, Ashland, MA), which had 147 

been coated with 10 μg/ml fibronectin peptide.  For studies of cell migration fibroblasts were first 148 

cultured to near confluence on tissue culture plastic and then released using 0.25% Trypsin, 1 mM EDTA 149 

or TrypLE Express® and counted prior to re-plating in devices suitable for migration and imaging.  150 

Sixteen hours prior to adding the test reagents, the FBS concentration was reduced to 2% unless indicated 151 

otherwise.   152 

Migration of confluent LF into an adjacent empty space.   This assay used vitronectin-coated glass 153 

Stickyslides® (Ibidi,Verona, WI) fitted  with silicone inserts that divide each well into two segments.  154 

Following removal of the insert a 500 µm gap remained and was unoccupied by cells at the beginning of 155 

time-lapse imaging.  The details have been described (34).  For the 16 hours  prior to removing the insert, 156 
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the FBS concentration was reduced to 2%, which remained during imaging, when the HEPES 157 

concentration was increased to 30 mM and some wells were supplemented with PDGF-A to 10 ng per ml.  158 

The following inhibitors were dissolved in PBS added to the final concentrations: NSC23766 12.5 μM 159 

(Rac1 GEF inhibitor), or Y27632 10 μM (Rho-activated kinase, ROCK inhibitor). The inhibitor 160 

concentrations were chosen because preliminary experiments established that they were sufficient to yield 161 

the expected effect, but did not weaken attachment of the cells to their substrate.  Two additional 162 

inhibitors were dissolved in DMSO which was diluted to 0.1% at the final inhibitor concentrations of  2 163 

μM for U73122 (phospholipase Cγ inhibitor) or 25 μM LY29402, (phosphoinositide-3-kinase inhibitor).  164 

The time lapse imaging commenced immediately after adding the inhibitors. 165 

Analysis of LF spreading on substrates of varying stiffness.  Easy coat Matrigen Softview™ gels were 166 

incubated with 10 μg/ml fibronectin for 1 hour before adding fibroblasts.  Fibroblasts isolated from 167 

TGCre;PDGFRaF/F or littermate control mice were sub-cultured onto Softview™ hydrogels and 168 

maintained for 16 h in Ham’s F12 medium containing 10% FBS.   The medium was changed  so the 169 

components were identical to those used for cell-migration imaging, and randomly selected fields were 170 

imaged using DIC optics with an Olympus UPLFN20X:U PLAN objective and captured using an XM-10 171 

monochrome CCD camera.  Olympus CellSens™ software was used to trace the cellular perimeter s and 172 

derive the areas.  The cell shape factor, isoperimetric quotient: 4πA / P2 (P, perimeter, A area), was 173 

calculated for each cell and expressed as a mean for each stiffness for control and PDGFRα-deleted cells 174 

from three separate isolations for each genotype. 175 

Fabrication of soft-silicone substrates.  Thirty millimeter round coverglass was cleaned with detergent, 176 

rinsed with deionized H2O , followed by acetone and ethanol, and then dried.  Mixtures of Nusil 8100 177 

silicone gel and Sylgard 184 (polydimethylsiloxane) were made with the following ratios: 18:1, 8 kPA; 178 

12:1 10 kPA; and 5:1, 64 kPa).  After degassing the mixtures were applied to the coverslides using a spin 179 

coater turning at 800 rpm for the 5:1 and 600 rpm for the 12:1 and 18:1 mixtures, respectively. Sterile 180 

MatTek dishes with a 20 mm diameter open bottom were placed on the silicone-coated coverslides and 181 
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adhered by baking at 70o for 8 hours.  The depth of the silicone layers was approximately 300 µm.  182 

Thicker gels with the same proportions of  Nusil:PDMS  were used to estimate the stiffness using either a 183 

Shore 00 or 000S durometer (Rex Gauge Co, Buffalo Grove, IL) (39).  Prior to overlaying the collagen 184 

gel, the silicone gels were soaked in 100% ethanol overnight and two additional times for 1 h and then 185 

rendered hydrophilic by oxygen plasma treatment for 60 s in a PE-50 plasma cleaner, (PlasmaTech, 186 

Carson City, NV).   187 

Fabrication of elastic fibers embedded in polyacrylamide gels.  100 x 25 mm  #1.5 glass coverslides were 188 

cleaned using the procedure described for the 30 mm coverslides.  After immersing in 5% NH4OH 189 

containing 3% H2O2, the coverslides were soaked  overnight in 2% 3-aminopropyl triethoxysilane in 190 

100% ethanol , followed by extensive rinsing in 100% ethanol followed by deionized H2O.  Prior to 191 

electrospinning the coverslides were immersed in 0.5% glutaraldehyde and air dried.  Electrospinning was 192 

performed using a Gamma High Voltage power supply at 20kV attached to a metal needle, which was 20 193 

cm from the cathode which housed the coverslide overlying a brass plate.  A 10 mg/ml solution of alpha 194 

elastin, which had been prepared from bovine nuchal ligament was dissolved in 1,1,1,3,3,3-Hexafluoro-2-195 

propanol and expelled the needle using a syringe pump with a flow rate of 50 µl per minute.  The elastic 196 

fibers were maintained in the vapors of 25% glutaraldehyde overnight for cross-linking and then washed 197 

extensively with sterile H2O prior to embedding in polyacrylamide.  Polyacrylamide gels were prepared 198 

containing 10% acrylamide and 0.06% bis-acrylamide, and immediately after adding TEMED and 199 

ammonium persulfate, 90µl was applied to the coverslide which was partially occupied by the elastic 200 

fiber mat.  A siliconized 24 X 75 mm, #2 coverslide was applied and after 30 minutes the siliconized 201 

coverslide was carefully removed.  The gel was washed with 50 mM HEPES pH 8.5, and after carefully 202 

removing the excess buffer, 300 µl of a 1 mM solution of Sulfo-SANPAH (sulfosuccinimidyl 6-(4'-azido-203 

2'-nitrophenylamino)hexanoate ) in 50 mM HEPES pH 8.5 was applied.  The polyacrylamide gel was 204 

irradiated twice for 3 minutes with 365 nM light with an intervening change of Sulfo-SANPAH.  After 205 

removing the Sulfo-SANPAH, the gel was washed with 50 mM HEPES, followed by PBS and then 206 
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incubated overnight with a 200 mg/ml solution of bovine collagen (PureCol® InfaMed, Fremont CA)  in 207 

PBS.  The outer boundary of the coverslide was cleaned with sterile H2O, followed by isopropanol, and 208 

then Silane Glass Teatment AP115 3M Company, St. Paul, MN.  A 6-well Ibidi sticky-Slide 0.4 (Ibidi 209 

Verona, WI) was applied and the edges were sealed with silicone sealant.  The apparatus was irradiated 210 

for 30 min with UV light (280 nm), prior to rinsing the wells and adding fibroblasts.   211 

Fibroblast durotaxis towards the elastic fiber mat.   Lung fibroblasts were isolated from the lungs of mice 212 

bearing the PDGFRα-GFP gene insertion, and nuclear GFP was used to localize the cells during 213 

migration.  At t he first sub-cultivation, 1.2 x 104 cells were added to each of the filling ports of the Ibidi 214 

sticky-Slide 0.4 which were distant from the region which contained the mat of elastic fibers.  The cells 215 

were allowed to adhere and FBS concentration of the medium was reduced to 2%.   Serial images were 216 

captured from four fields for each well at a consistent position that corresponded to between 1000 and 217 

500 µm from the elastic fibers (34).  The images were analyzed using Olympus CellSens® software to 218 

annotate the X and Y coordinates and distance traveled for every 30 minute interval and the speed and 219 

persistence were calculated (32).   220 

Analysis of Rac1-activation using a Rac1-FRET biosensor.  Lung fibroblasts were isolated from 221 

TGCre+/-;PDGFRαF/F or control mice and were used after the initial cultures reached 80% confluence.  222 

Culture dishes with a glass bottom (MatTek) were coated with 10 μg/ml fibronectin peptide or 200 μg/ml 223 

PureCol® collagen for two hours at room temperature or overnight at 4o.  Lung fibroblasts were seeded at 224 

a density of 4.5 x 104 cells per cm2 in Ham’s F12 medium containing 10% FBS and cultured over night.  225 

The following day, the fibroblasts were transduced for 6h with the Rac1 biosensor in the Ad5CMV-226 

adenoviral vector at a multiplicity of infection (MOI) of 3 in OptiMEM containing 3% FBS, and 227 

supplemented to 3 mM calcium,  The pre-optimized multiplicity of infection (MOI) of 3.  The low MOI 228 

was chosen because it transduced sufficient cells, but avoided overwhelming the endogenous Rac1 GEFs, 229 

GAPs, or GDIs.  This ensured that the biosensor would accurately reflect the behavior of endogenous 230 

Rac1.  Fibrillar collagen (Fibrocoll® 5133 Advanced Biomatrix, San Diego, CA) was added to the culture 231 
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medium 18 h prior to measuring Rac1-FRET, to fibroblasts which had been plated on collagen-coated 232 

glass. 233 

To assess the effects of embedding in fibrillar collagen, fibroblasts were transduced at MOI =3 in the 234 

culture plates where they were placed after isolation.  The virus was removed after 6 h and the cells were 235 

cultured overnight in OptiMEM containing 5% FBS, 3 mM Ca, 100U penicillin G, and 100 g/ml 236 

streptomycin.  The following day, the cells which were to be embedded in collagen gels were released for 237 

the culture plastic using TrypLE Express® (ThermoFisher, Waltham, MA).  Fibrillar collagen was mixed 238 

with one-tenth volume of 10X PBS, Ham’s F12 medium, and neutralized with 0.1 NaOH prior to adding 239 

1 x 105 cells which were plated onto the 3.1 cm2 surface area of silicone substratum.  Following 240 

incubation at 37o for 45 minutes, OptiMEM medium containing 3% FBS was added and the gels were 241 

incubated for 18 h in at 37o in 5% CO2.  When assessing the effects of kinase inhibitors on Rac1-FRET 242 

the compounds were added 2 hours prior to measuring Rac1-FRET.  Prior to imaging, the medium was 243 

changed to FluoBrite™ medium containing 2% FBS, 2 mg/ml BSA, 30 mM HEPES pH 7.3, 100U 244 

penicillin G, and 100 g/ml streptomycin.   245 

FRET imaging and data analysis.  Imaging was conducted in an environmental chamber (37o humidified 246 

21% O2, 7% CO2, 71% N2) using an Olympus IX81 inverted microscope, Excelitas X-Cite 120 LED light 247 

source, DIC optics, Hamamatsu OrcaR2 CCD camera, equipped with a Prior ProScan III controller used 248 

to change excitation (427/10-25, mCerulean and 504/12-25 mVenus) and emission (472/30-25 mCerulean 249 

and 542/27-25 mVenus) filters in Prior high speed filter wheels.   Imaging conditions were optimized to 250 

limit excitation intensity and exposure time to reduce photobleaching.  The LED light source provided 251 

very stable output so that the same exposure time could be used for all experiments.  Cells with saturated 252 

pixels were avoided and cells were selected for imaging if their intensity was at the lower range of 253 

emission intensity that could be accurately analyzed.  Images were captured using CellSens® software 254 

and then converted to TIFF format for analysis using pFRET  Software and ImageJ plug-in available from 255 

University of Virginia (http://innovation.virginia.edu/).  Regions of interest were only selected from the 256 

http://innovation.virginia.edu/
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cell periphery because the some cells exhibited nuclear fluorescence.  At least 12 cells were imaged for 257 

each condition and were analyzed using both the pFRET (calculates FRET efficiency and Förster distance 258 

for each pixel)  and rFRET (calculates pixel by pixel ratio of intensity in the FRET acceptor channel 259 

relative to the intensity in the donor emission channel after donor excitation).  Data from all 12 cells for 260 

each condition were pooled and mean FRET intensities were calculated for each experiment.  At least 4 261 

experiments were conducted for each condition and N= the  number of repetitions of each experiment.  262 

The Mlg2980 (ATCC CCL-206), neonatal mouse continuous cell line was transfected with plasmids 263 

containing either mCerulean or mVenus,  images were captured using conditions identical to those for 264 

FRET analysis, and were used to calculate the spectral bleed through. 265 

Co-localization of F-actin with talin and phospho-Paxillin in cultured LF.  Fibroblasts obtained from the 266 

lungs of TGCre+/-;PDGFRαF/F or control mice were cultured on cleaned glass coverslips which had 267 

been coated with 10 g/ml fibronectin to promote cell adhesion.  The LF were allowed to adhere to the 268 

coverslips for 1 hour, non-adherent cells were removed by washing and the adherent LF were cultured 269 

overnight in Ham’s F-12 medium containing 10% FBS.  Sixteen hours prior to analysis the medium was 270 

changed to OptiMEM supplemented with 2.5% FBS, penicillin, streptomycin, containing OptiMEM-1 271 

supplemented with 2.5 % FBS, with CaCl2 to a final calcium concentration of 3 mM Ca+2.  Six hours prior 272 

to fixation with 2% paraformaldehyde at 4o, the medium was changed and in some instances was 273 

supplemented with to 12.5 μM NSC23766, 10 μM Y27632, and/or 10 ng/ml PDGF-A.  After 274 

permeabilization with 0.1% Triton X-100 and blocking with 5% normal donkey serum, the coverslips 275 

were incubated overnight with 1 µg/ml goat anti-talin and 0.24 μg/ml anti-phospho-paxillin and controls 276 

received goat or rabbit IgG, respectively at equivalent concentrations.  Secondary antibodies were donkey 277 

anti-goat A647 or anti-rabbit IgG-A568 at 1:1000 or 1:2000dilutions respectively.  Images were acquired 278 

at a 1024 x 1024 pixel density from randomly selected fields using Zeiss LSM710 confocal microscopes 279 

and a Zeiss Plan achromat 63x/1.40 Oil DIC M27 objective and averaged from three scans.  The 280 

following excitation/emission filters were used: a 488/492-536 nm band pass filter to detect A488 281 
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phalloidin, a 547-590 nm band pass filter to detect Alexafluor 568-phospho-paxillin, and a 637-757 nm 282 

band pass filter for A647-talin.  After washing, 100 nM A488 phalloidin was added for 30 minutes at 283 

room temperature.  The uncompressed images were converted to TIF format and co-localization was 284 

analyzed using the JACoP plugin with Fiji (NIH Image2) software (37).   285 

Proximity ligation assay (PLA)  to assess Rac1-GEF interactions.  To identify guanine nucleotide 286 

exchange factors (GFF)s which mediate signals from PDGF-A and collagen, we examined protein 287 

interactions between Dock180/ELMO and p130Cas, as well as interactions between β-PIX/GIT and 288 

paxillin using the proximity ligation assay (PLA), which identifies two proteins which both reside within 289 

a 40 nm radius.  We used the DuoLink® (Olink Bioscience, Sigma Aldrich St. Louis, MO) kit following 290 

the manufacturer’s instructions as previously detailed, with the following modifications (37).  Some 291 

fibroblasts cultures were incubated for 2 h with inhibitors of PI3K (LY294002) or Src-kinase (PP2), and 292 

then stimulated for 10 minutes with medium containing 20 ng/ml PDGF-A with or without an inhibitor.  293 

After washing the cells were fixed for 15 minutes with 4% paraformaldehyde , 5 mM EGTA, 2 mM 294 

MgCl2, 80 mM PIPES pH 6.8, to preserve actin filaments (28).   F-actin was stained with Acti-stain A488 295 

phalloidin and nuclei with ToPro-3.  We distinguished cytoplasmic granules which localized to the 296 

perinuclear region, which also contained ventral actin fibers from those within lamellipodia, which lack 297 

ventral actin fibers.  We enumerated all cytoplasmic granules as well as those lying distal to the ends of 298 

ventral F-actin and within lamellipodia, which contained only subcortical and dorsal actin fibers.   299 

Statistical methods: Box plots extend from the 25th to the 75th percentiles and whiskers were plotted based 300 

on the Tukey interquartile range using GraphPad Prism®.  “N” is the number of different mice that were 301 

used or the number of different experiments that were performed using cell cultures (48).  Analysis of 302 

variance (either 1 or 2-way as indicated in the figure legends) was performed using Systat (Chicago, IL) 303 

and Student’s t-test using Microsoft Excel (either paired or unpaired as indicated in the figure legends).  304 

Additional details describing how the data from different images or image stacks were combined appears 305 

in the method for a particular stereological procedure.  Values of P < 0.05 were considered significant. 306 
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Results  307 

PDGFRα regulates fibroblast spreading on substrates of varied stiffness.  Lung fibroblasts, which had 308 

been isolated from littermate control (without PDGFRα-deletion) mice demonstrated a stiffness-related 309 

increase in surface area and the shape factor was lower at 8 compared to 1 kPa, showing that control cells 310 

were more elongated and irregularly shaped on stiffer substrates.  However the stiffness-related decrease 311 

in shape factor was not observed in LF from mice bearing a conditional deletion of PDGFRα (Fig. 1B).  312 

To determine whether mechanosensitive (stiffness-regulated) fibroblast spreading depends on Rho-kinase, 313 

fibroblasts from wildtype control mice were cultured in the presence and absence of Y27632, an inhibitor 314 

of Rho-activated kinase (ROCK).  The inhibitor altered fibroblast-spreading, showing that PDGFRα 315 

interacts with Rho-GTPase to control cell shape (Fig. 1C).   316 

PDGFRα confers responsiveness of LF migration to Rac1- and Rho-activated kinase inhibition.  Time-317 

lapse imaging was used to quantify the movement of fibroblasts from a confluent monolayer into an 318 

initially unoccupied space.  The Rac1-GEF inhibitor, NSC23766, reduced the migration of littermate 319 

control, but did not alter the migration of PDGFRα-deficient fibroblasts (Fig. 2A).  This demonstrates that 320 

PDGFRα is an important effector of Rac1-mediated signaling in murine LF.  During cell migration, 321 

PDGFRα and Rac1 co-localize at the membrane of the leading edge (55).  Two important membrane-322 

associated -targets of PDGFRα-kinase are phosphinositide-3-kinase (PI3K) and phospholipase-Cγ (PlCγ), 323 

which both activate Rac1 (22).  Either LY294002 (Figure 2B) or U73122 (Fig. 2C), selective inhibitors of 324 

PI3K and PLCγ, respectively, blocked the migration of control (without PDGFRα-deletion) fibroblasts 325 

after PDGF-A-stimulation.  During migration, Rho-activated kinase stabilizes the ventral actin 326 

cytoskeleton, promotes adhesion, and transiently stabilizes the trailing edge (26).  Although Y27632 did 327 

not affect control LF, it increased the migration of PDGFRα-deleted LF (Fig. 2D).  Others have similarly 328 

observed that Y27632 increases the migration of Rac1-null mouse embryonic fibroblasts (50). 329 

Focal adhesions are altered in LF from TGCre+/-;PDGFRaF/F mice.  Migration on integrin-binding 330 

substrates such as fibronectin or collagen requires remodeling of focal adhesions, which transiently 331 
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anchor portions of the cell.  When integrins engage extracellular ligands, talin and other intracellular 332 

actin-binding proteins, such as paxillin, are recruited to link cell-surface integrins to the sub-cortical 333 

cytoskeleton.  By analyzing co-localized talin and actin, we examined how disruption of PDGFRα altered 334 

the abundance of focal adhesions and their destabilization by Y27632.  In LF from TGCre+/-335 

;PDGFRαF/F (PFlox) mice, the co-localization of talin with F-actin was significantly lower than in LF 336 

from littermates without deletion, both in the absence or presence of Y27632 (Fig. 3).  Furthermore, 337 

Y27632 lowered co-localization of talin with F-actin in PDGFRα-deleted but not control LF, indicating 338 

that PDGFRα regulates focal adhesion-stability.  339 

Because paxillin is phosphorylated during the remodeling of focal adhesions, we compared the co-340 

localization of  pY118-paxillin and talin in control and TGCre+/-;PDGFRαF/F, both in the absence and 341 

presence of NSC23766.  In both control and PDGFRα-deleted fibroblasts, inhibiting Rac1-activaton 342 

yielded more prominent talin-staining (Fig 4A).  The Rac1-GEF inhibitor diminished co-localization of 343 

pY118-paxillin with talin only in control fibroblasts (Fig. 4C), suggesting that Rac1 regulates focal 344 

adhesion turnover.  This finding also argues that PDGFRα regulates focal adhesion turnover through 345 

Rac1.  Likewise, others observed that Rac1-null mouse embryonic fibroblasts exhibit less abundant 346 

paxillin in focal contacts, which are more labile than those in Rac1-replete controls (50) (57).   347 

Durotaxis of PDGFRα-expressing LF results from increased migrational persistence.  Others have shown 348 

that durotaxis (migration towards a more rigid substrate) requires phasic remodeling of focal adhesions, 349 

where integrins, talin and vinculin interact to transiently strengthen the nexus between the extracellular 350 

matrix (ECM) and the cytoskeleton (10).  To learn whether LF exhibited durotaxis, we devised soft 351 

polyacrylamide gels wherein a portion was stiffened by embedded elastic fibers (fig. 5A).  In all wells, the 352 

cells were added to a softer (4 kPa) region of the gel.  Some of the lanes ended where elastic fibers were 353 

embedded (32 kPa) whereas other lanes ended in regions devoid of elastic fibers (4 kPa).  Using time-354 

lapse imaging, we then compared the migration of PDGFRα-expressing fibroblasts (identified by nuclear 355 

GFP) in the two classes of lanes (4 kPa beginning and 4kPa end, versus 4 kPa beginning and 32 kPa end, 356 
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Fig. 5B).  Following 24 h, more fibroblasts accumulated at the boundary proximate to elastic fibers (32 357 

kPa) than in a 4 kPa region of the polyacrylamide gel located at the same distance from their entry well, 358 

but in a lane distant from the elastic fibers (Fig. 5C).  After migrating towards the stiffer elastic fiber-359 

laden sub-stratum, LF occupied a larger area with more protrusions (decreased shape factor, Fig. 5D), 360 

similar to the spreading of LF (Fig. 1).  Time lapse imaging demonstrated that durotaxis of PDGFRα-361 

expressing fibroblasts towards the 32kPa substratum resulted from greater directional persistence, rather 362 

than an increased speed of migration (Fig. 5E).  363 

PDGFRα promotes Rac1-activation and attraction towards a stiffer substratum.  Because PDGFRα 364 

regulates the turnover of focal adhesions, which is required for durotaxis, we studied how PDGF-A or 365 

mechanical stimuli alter Rac1-activation in LF.  Others have shown that Rac1-mediates mechanosenstive 366 

responses (43).  When GTP, rather than GDP is bound the Rac1-FRET biosensor, it undergoes a 367 

conformational change increasing the proximity between the mCerulean donor and mVenus acceptor, 368 

thereby enabling FRET (38).   369 

As expected, PDGF-A increased Rac1-FRET in fibroblasts on fibronectin-coated glass (Fig. 6A).  370 

Because PDGFRα-regulated fibroblast spreading on collagen coated, soft polyacrylamide gels (Fig. 1), 371 

we studied whether fibrillar collagen-1 enhanced Rac1 FRET.  Adding fibrillar collagen to the medium 372 

bathing fibroblasts on collagen-coated glass, increased Rac1-FRET (Fig. 6B), showing that collagen’s 373 

effect is independent of substrate stiffness.  The effect was concentration-dependent (Fig. 6B) and was 374 

greater when fibroblasts were embedded in a 2 mg/ml collagen gel (Fig. 6C).  To further evaluate the 375 

interaction between collagen and sub-stratum-rigidity, we fabricated devices where fibroblasts could 376 

migrate from within a soft (approximately 0.2 kPa) collagen matrix towards a silicone substratum with 377 

varied stiffness (from 8 to 64 kPa).  Rac1-FRET was analyzed in cells that accumulated near the interface 378 

between the collagen gel and the silicone sub-stratum.  Rac1-FRET was higher in control fibroblasts 379 

adjacent to the 64kPa than either the 10 or 8 kPa sub-stratum, but this stiffness-related alteration of Rac1 380 

activation was not observed in fibroblasts from TGCre+/-;PDGFRαF/F mice (Fig. 6D).  The rFRET 381 
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intensity-map is shown in Fig. 6E for a collagen- embedded LF, which exhibited asymmetry of Rac1-382 

GTP formation.  To exclude a trivial explanation, we transfected MLg 2908 cells with a plasmid that 383 

expresses mCerulean, separated from mVenus by a 5 amino acid linker, yielding an ideal Förster radius 384 

for FRET.  Embedding the MLg 2908 cells in a collagen gel did not alter the FRET/donor emission ratio 385 

indicating that collagen itself did not produce differential quenching at the donor wavelength (data not 386 

shown).  These findings directly demonstrate that rigidity-responsive Rac1-activation requires PDGFRα-387 

signaling, supporting the observations made using the Rac1-GEF inhibitor NSC23766 (Figs. 1 and 2).  388 

PDGF-A and collagen recruit Rac1-GEFs, including βPIX/GIT and Dock180/ELMO, to adapter 389 

molecules paxillin and p130Cas, respectively, located near the inner plasma membrane where Rac1 is 390 

also recruited (Fig. 6F).  391 

Signaling pathways linking extracellular stimuli to intracellular Rac1.  Next, we examined how 392 

PDGFRα- and integrin-linked kinases signal to the adapters and Rac1-GEFs shown in Fig. 6F.  Knowing 393 

that PDGF-A increased migration via PI3K (Fig 2), and is a critical for PDGFRα-mediated Rac1 394 

activation in other cells (16), we examined whether the PI3K-inibitor LY294002 decreases Rac1-FRET.  395 

Similarly, we used PP2, a specific inhibitor of Src-kinase (a known PDGFRα-target), to determine 396 

whether Src mediates Rac1-activation.  Both LY294002 and PP2 prevented the augmentation of Rac1-397 

FRET by PDGF-A when fibroblasts had adhered to fibronectin-coated glass (Fig. 7A).  We then sought to 398 

identify Rac1-GEFs which are targeted by PI3K or Src, realizing that they may not be the exclusive 399 

mediators.  We reasoned that after PDGF-A or collagen-treatment, the preferred signaling pathways could 400 

be identified by complex formation between Src or PI3K phosphorylation targets and their preferred 401 

Rac1-GEFs.  Others used co- immunoprecipitation of transiently over-expressed recombinant Dock180, 402 

and Crk to evaluate Src-mediated Rac1-activation (12).  However in our case, this approach was not 403 

feasible, because lipofection yields undesirable cytotoxicity and low-transfection efficiency in mouse 404 

primary LF.  Therefore we used the proximity ligation assay (PLA) to probe interactions between 405 

adapters that are phosphorylated via PI3K or Src and stimulate Rac1-FRET by binding particular Rac1-406 
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GEFs (Dock180 and βPIX).  We reasoned that localization of granules (indicating association of a kinase-407 

target adapter with a Rac1-GEF) to lamellipodia, would correlate with lamellipodial Rac1-activation, as 408 

exemplified in Fig. 7F.   When LF were plated on fibronectin-coated glass, Src mediated the association 409 

of both Dock180/ELMO (Fig. 7B) or βPIX (Fig. 7C) with their respective signaling partners, p130Cas or 410 

paxillin (both associations were decreased by PP2).  In contrast, PI3K (inhibited by LY294002) only 411 

mediated association between Dock180/ELMO and p130Cas (Fig. 7B).  When LF were exposed to 412 

fibrillar collagen, as in Fig. 6B, only the Src-kinase inhibitor prevented the stimulation of Rac1-FRET by 413 

fibrillar collagen (Fig. 7D).  Likewise, PP2 reduced associations between βPIX and paxillin suggesting 414 

that they are induced by Src-kinases (Fig 7E).  Taken together, these findings indicate that Src-kinase 415 

activates Rac1through both Dock180/ELMO and βPIX/GIT, whereas PI3K primarily activates Rac1 416 

through Dock180/ELMO.  417 

Discussion  418 

In 1996 Boström and associates proposed that PDGF-A signaling expanded the population of PDGFRα+ 419 

myofibroblast precursors, which then "spread" into the airspace and differentiated during secondary 420 

septation (5).  Since this seminal finding, it has become clear that PDGF-A signaling also regulates the 421 

proliferation, survival, and migration of PDGFRα+ fibroblasts postnatally (33) (35).   We have now 422 

shown that Rac1 mediates the responsiveness of PDGFRα-expressing LF to mechanical stimuli. 423 

PDGFRα, integrins, talin, and mechanosensing.  More rigid substrata promoted spreading (increased 424 

area) and lamellipodia formation (reduced shape factor, Fig. 1B), in PDGFRα-sufficient, but not 425 

PDGFRα-deficient fibroblasts, suggesting that PDGFRα is required for this mechanosensitive response.  426 

Rho-GTPase mediated this response, because ROCK-inhibition altered spreading in wildtype control LF 427 

(Fig. 1C).  The link between PDGFRα and mechanosensation is likely multi-factorial.  Integrins tether the 428 

ECM to cells, are the “first responders” to variation in substrate stiffness, and mechanical forces change 429 

their conformation.  Matrix-engagement repositions β1-integrins so they contact talin, which changes 430 

configuration, enabling it to bind to vinculin and paxillin, which stabilize F-actin in the sub-cortical 431 
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cytoskeleton (59).  Upon recruitment to talin, paxillin is tyrosine phosphorylated which exposes its SH2 432 

domain to Crk, thereby recruiting p130Cas.  The observation that PDGFRα regulates the effects of Rac1-433 

GEF inhibition on paxillin-phosphorylation (Fig. 4) was substantiated by examination of tyrosine kinase-434 

signaling pathways, which recruit Rac1-GEFs and regulate cell-migration (Fig. 7). 435 

PDGFRα and the balance between Rho- and Rac-GTPases during LF migration.  As expected, PDGF-A 436 

increased the outward migration of PDGFRα-sufficient, but not PDGFRα-deficient LF, from a confluent 437 

monolayer (Fig. 2A and D).  Migration of PDGFRα-sufficient fibroblasts was suppressed by the Rac1-438 

GEF inhibitor, NSC23766, which did not alter the migration of LF obtained from TGCre+/-;PDGFRαF/F 439 

mice, showing that PDGFRα signals through Rac1 (Fig 2A).  The converse was observed when 440 

fibroblasts were exposed to the ROCK-inhibitor Y27632, which enhanced migration of PDGFRα-441 

deficient fibroblasts (Fig. 2D).  This is consistent with the paradigm that migration requires a balance 442 

between Rho-GTPase, which stabilizes focal adhesions at the trailing edge, and Rac1-GTPase which 443 

fosters remodelling of focal contacts at the leading edge (26).   Although insufficient PDGFRα reduced 444 

remodeling at the leading edge, inhibition of Rho-signaling stimulated migration by weakening focal 445 

adhesions at the trailing edge.  This notion is further supported by observing that co-localization of talin 446 

with actin (marker of focal adhesions) was significantly reduced by Y27632 in fibroblasts lacking but not 447 

in fibroblasts with sufficient PDGFRα (Fig. 3). 448 

Lung fibroblast durotaxis on 2D-collagen substrates.  We also observed that fibroblasts migrate 2-449 

dimensionally towards the more rigid portion of a collagen-coated surface (Fig. 5).  This migration 450 

(durotaxis) requires variable, reciprocating interactions between the plasma membrane and the 451 

extracellular matrix.  β1-integrins probe their environment using low affinity interactions, and modify the 452 

conformation of their intracellular tails to engage talin (54).  On less rigid substrates, this conformational 453 

change is transient and dissociation occurs quickly.  The rate of dissociation is slowed when integrins 454 

contact more rigid substrates, sustaining the interaction between integrin and talin to enable reinforcement 455 

by adapter proteins such as vinculin and paxillin.  This reinforcement increases the recruitment of α-456 
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actinin or other bundling proteins (54).  Durotaxis requires directional persistence, as well as sustained 457 

interactions between integrins and the ECM.  On more rigid substrata, migrating PDGFRα-expressing 458 

fibroblasts showed greater directional persistence rather than increased speed (Fig. 5E).  Rac1 is also 459 

required for lamellipodia formation, stabilization of focal contacts, and directionally persistent migration 460 

in a chemotactic gradient (50).   461 

Tyrosine kinase signaling and Rac1-GEF recruitment.  Rho-family GTPases influence and are affected by 462 

opposing processes, which control cell migration:  tyrosine phosphorylation versus dephosphorylation, 463 

and by actin fiber remodeling (treadmilling and branch formation) versus stabilization (bundling and 464 

myosin-engagement).  PDGFRα signals through PI3K or Src, to recruit Rac1-GEFs.  Knowing that 465 

activated PDGFRα enhances Rac1 signaling (Fig. 6A), we examined Dock180 and βPIX, two Rac1-GEFs 466 

which have been linked to PDGFRα.  Under the same experimental conditions, the Src-inhibitor PP2 467 

incited a parallel reduction in both Rac1-GTP and apposition of Dock180/ELMO with p130Cas, or 468 

βPIX/GIT with paxillin.  Likewise, PP2 suppressed augmentation of Rac1-GTP (FRET) by fibrillar 469 

collagen, and correspondingly reduced the apposition of βPIX/GIT with paxillin, upon stimulation by 470 

PDGF-A.  Others have demonstrated that Src-kinases phosphorylate GIT, recruit βPIX/GIT to paxillin, 471 

activate lamellipodial Rac1, and promote branched actin remodeling (60) (64) (25).  However, this is 472 

tempered by tyrosine phosphatases which dampen Src phosphorylation, in order to achieve both 473 

lamelipodial extension and directional persistence during migration (6) (61) (20).   474 

Like Src, PI3K recruits Rac1-GEFs to the inner plasma membrane.  The PI3K inhibitor LY294002 475 

reduced both Rac1-GTP and apposition of Dock180/ELMO with p130Cas (Figs 7A and B).  After 476 

binding PDGF-A, PDGFRα recruits class 1-PI3K with its p110α or p110β catalytic and p85 regulatory 477 

subunits (3).  PI3K p110β then associates with prenylated Rac1 within lamellipodia and filopodia (8).  478 

Membrane-embedded PIP3,4,5 tethers Rac1-GEFs, including Dock180 to generate Rac1-GTP, which by 479 

binding PI3K, can in turn enhance PIP3K activity (30) (2) (29) (44).  Using a human glioblastoma cell 480 

line with PDGFRα-gene amplifications, others showed that PDGF-A increased phosphorylation of Y
1811

 481 
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in the Rac1-GEF, Dock180, and elevated Rac1-GTP through p130Cas (12).   482 

Limitations of the proximity ligation assay (PLA) for the assessment of Rac1-GEF interactions.  Using the 483 

PLA one can quantify protein-protein interactions, in individual cells, and compare regions within them.  484 

This allowed us to focus on interactions by Rac1-GEFs in lamellipodia, where Rac1 regulates cell 485 

migration.  Compared to peripheral lamellipodia, granules were more abundant in the perinuclear and 486 

central cytoplasm, which we reasoned may be associated with the endoplasmic reticulum (ER).  Using the 487 

PLA others have observed protein-proximity during vesicular transport from the ER (4).  Therefore, we 488 

distinguished granules in lamellipodia, which contain dorsal actin fibers, from those located in the central 489 

region, which is demarcated by ventral actin fibers.  The oligonucleotides used in the DuoLink® PLA 490 

link proteins which reside within a 40 nm radius, and unlike co-immunoprecipitation, the PLA does not 491 

require that the proteins directly contact.  Another limitation is that by targeting known interactions of 492 

Rac1-GEFs in other mesenchymal cells, we excluded novel interactions, which could have been identified 493 

using an unbiased approach (31).  Nevertheless, the PLA corroborated our findings using FRET 494 

microscopy, and showed that the PDGFRα-kinase targets, PI3K and Src both contribute to Rac1-495 

activation.  496 

How do collagen gels increase Rac1-GTP?  Another novel finding was that collagen increases Rac1-497 

GTP, identifying a mechanism through which the extracellular matrix may direct fibroblasts.  Fibroblasts 498 

contact collagen through β1-integrins, which, along with Rac1GEFs, signal through 499 

talin/paxillin/p130Cas to increase Rac1-GTP (18).  Exposing dermal fibroblasts to collagen gels increased 500 

focal adhesion kinase (FAK)-dependent p130Cas phosphorylation, which is required for gel contraction 501 

(56).  Others have shown that engagement of collagen by β1-integrins stimulates FAK-mediated 502 

phosphorylation and increases Rac1-GTP (27).  Rac1-FRET was also influenced by the stiffness of the 503 

substratum which interacted with the collagen gel (Fig. 6D).  PDGFRα-signaling was important for the 504 

cellular responsiveness to stiffness, because greater stiffness did not increase Rac1-FRET using LF from 505 

TGCre+/-;PDGFRαF/F mice.  Precisely how PDGFRα and collagen interact to regulate the 506 
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responsiveness of Rac1 to stiffness, remains unclear, but likely involves integrins and/or discoidin domain 507 

receptor-2 (DDR2), which modifies Rac1 signaling in invadosomes (19).   508 

PDGFRα-expressing mesenchymal cells play unique roles in collagen homeostasis.  PDGFRα+ muscle 509 

satellite cells can alter natively differentiate into adipocytic or myofibroblastic phenotypes.  The fate is 510 

determined by alternative PDGFRα exon-usage and the abundance of a resultant truncated receptor, 511 

which promotes the adipocytic phenotype (40).  When satellite cells abundantly express full-length 512 

PDGFRα, they produce more collagen, replacing muscle with fibrotic tissue.  Similarly PDGFRα-513 

signaling is required for neural crest cells to migrate into the anterior cranio-facial prominence and 514 

generate a continuous collagen fiber network, which stabilizes the dermal-epidermal junction (11).  In 515 

adult mouse lung, fibroblasts with greater PDGFRα-gene expression also more abundantly expressed 516 

fibrillar collagens (13).  517 

Collagen, rigidity, and the pathogenesis of pulmonary emphysema.  A growing literature suggests that 518 

anisotropically distributed mechanical forces contribute to acinar distortion and the progression of 519 

emphysema (53).  Although the collagen-content is increased, its maldistribution raises lung compliance 520 

in mice which received intratracheal pancreatic elastase and in humans with emphysema, (17) (14).  After 521 

instilling pancreatic elastase into murine lungs, Ito and co-workers observed that tissue damping (a 522 

measure of force-dissipation, related to tissue viscosity) decreased proportionally less than elastance, 523 

yielding increased hysteresivity at volumes exceeding functional residual capacity (17).  They proposed 524 

that although lung hydroxyproline increased, newly synthesized collagen was disordered and lacked 525 

fibrillar interactions, which would normally reduce compliance at volumes approaching total lung 526 

capacity (17).  Disordered collagen fibers also may misdirect interstitial fibroblasts and prevent septal 527 

repair.  Ravikumar and associates observed that interstitial collagen increased in the remaining lung of 528 

dogs following a 70% but not a 58% lung resection (45).  Increased collagen was accompanied by failed 529 

restoration of alveolar surface area following 70%, whereas 58% resection enabled greater restoration.  530 

These findings support Ito and associates’ hypothesis that an orderly collagen network is required for 531 
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alveolar restoration. 532 

Because current treatments of emphysema and interstitial fibrosis fail to modify the distorted lung 533 

architecture, there is fervent interest in restoring gas-exchange function, by repopulating synthetic or 534 

reconditioned tissue scaffolds with multipotent cells.  Although the extracellular architecture may guide 535 

cells, there is a parallel need to understand how mesenchymal progenitor cells perceive and respond to 536 

these guidance cues.  Because PDGFRα-expressing alveolar fibroblasts can alternatively assume lipid-537 

storage or myofibroblastic phenotypes, fine-tuning PDGFRα-signaling may help to both spatially and 538 

temporally guide fibroblasts to optimal locations for restoration of the air-blood interface. 539 
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Figure Legends  545 

Figure 1:  PDGFRα regulates mechano-responsive LF spreading.  (A) A schematized depiction of a 546 

migrating lung fibroblast (LF) showing the leading edge with a subcortical cytoskeleton, subtended by the 547 

Rac1-responsive Actin-related Protein 2 (Arp2) complex.  Phospho-protein intermediates in the signaling 548 

pathway leading from PDGFRα to Rac1-GTP are shown.  GIT, G-protein coupled receptor kinase 549 

interacting protein; βPIX, p21-activated-kinase interacting exchange factor-β, also named  Rho Guanine 550 

nucleotide exchange factor 7;  p130Cas (BCAR1), breast cancer anti-estrogen resistance protein-1 (Cas 551 

family adapter protein); Dock180 (Dock1), Dedicator of cytokinesis; ELMO Engulfment and Cell 552 

Motility protein-1.  (B) LF were isolated from TGCre+/-;PDGFRαF/F or littermate TGCre+/-;PDGFRα 553 

F/- control  mice and adhered to fibronectin-coated polyacrylamide gels of varying stiffness (kPa, 554 

kiloPascal) for 16 hours.  Cellular outlines captured using DIC were traced to ascertain the area, 555 

perimeter, and shape factor (isoperimetric quotient) 4πA / P2 (P, perimeter, A area), which is smaller in 556 

more elongated and irregularly shaped cells.  Boxes extend from the 25th to the 75th percentile and 557 

whiskers are based on the Tukey interquartile range, showing 20 cells from a representative isolation, dots 558 

are outliers.  N=3 cell isolations. (*) P<0.05 comparing PDGFRα- deleted to TGCre+/-;PDGFRα F/- 559 

control LF at the same substrate stiffness.  (†) p<0.05 comparing 1 to 8 or 25 kPa within TGCre+/-560 

;PDGFRα F/- control group.  (**) p<0.05 comparing 8 to 25 kPa within TGCre+/-;PDGFRα F/- control 561 

group.  (†) p<0.05 comparing 1 to 8 or 25 kPa within the TGCre+/-;PDGFRα F/- control group.  One-way 562 

ANOVA on ranks.  (C) Primary LF from 3 wildtype control mice were cultured as in A, except during the 563 

last 6 hours the medium in some wells also contained 10 μM Y27632, a Rho-associated protein kinase 564 

inhibitor. (*) P<0.05, comparing Y27632-treated to control LF at the same substrate stiffness, dots are 565 

outliers.  One-way ANOVA on ranks.  (†) p<0.05 comparing 1 to 8 kPa within control group.   566 

Figure 2:  PDGFRα-signaling promotes lung fibroblast (LF) migration.  (A) LF were isolated from the 567 

lungs of TGCre+/-;PDGFRαF/F or littermate TGCre+/-;PDGFRα F/- control mice and adhered to 568 

vitronectin-coated glass within 8-well StickySlide® chambers.  Removing the sub-well insert left an 569 
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intervening empty space into which the LF migrated in the presence or absence of PDGF-A or 570 

NSC23766, a selective Rac1-GEF-inhibitor. The cumulative number of cells which had entered the 571 

previously empty space is plotted at one hour intervals.  Mean ± SEM, n=3 separate cell isolations for 572 

each genotype, (*) P<0.05, repeated  measures ANOVA, compared to control (medium containing 2% 573 

FBS).  (B) Primary LF from 3 wildtype control mice were cultured as in A, except during migration, 574 

some wells contained either the phosphoinositide 3-kinase  inhibitor LY294002, or (C) the 575 

phospholipase-Cγ inhibitor U73211.  (D) TGCre+/-;PDGFRα F/- control or PDGFRα-deleted LF were 576 

cultured under similar conditions except that Y27632 was used as an inhibitor of Rho-activated kinase.   577 

(*) P<0.05, repeated  measures ANOVA, compared to control (medium containing 2% FBS).   578 

Figure 3:  PDGFRα signaling regulates focal adhesion formation in LF.  (A) LF from TGCre+/-; 579 

PDGFRαF/F or TGCre+/-;PDGFRα F/- control mice were adhered to fibronectin-coated glass, and after 580 

reducing the concentration of FBS to 2%, the cells were incubated for 6 h in the presence or absence of 10 581 

µM Y27632 (Rho-kinase inhibitor).  After fixation, the sub-confluent cell layers were stained for F-actin 582 

(green) or talin (blue) and imaged using the LSM 710.  Inset is a line scan over a representative region to 583 

show co-localization of talin and F-actin in pixels intersected by the line.  (B) Using data from three 584 

separate experiments the Manders’ coefficient-2 (M2) for co-localization of talin in pixels containing 585 

actin was determined using the JACoP plug-in (Fuji, Image J2).  Box and whisker (Tukey) plots 586 

combining 4 separate cell isolations.  P<0.05, comparing TGCre+/-; PDGFRαF/F to TGCre+/-;PDGFRα 587 

F/- control LF, or effect of Y27632 on TGCre+/-; PDGFRαF/F LF; 2-way ANOVA.   588 

Figure 4:  PDGFRα and Rac1 regulate .localization of phospho-paxillin to focal adhesions.  (A) LF were 589 

isolated and cultured as in Figure 3 except that the Rac1-GEF inhibitor NSC23766 was added for 6 h 590 

prior to fixation.  In addition to actin and talin, phosphoY118-paxillin (pPax) was immunostained (red).  591 

Representative fields are shown from one experiment which yielded results similar to 3 additional 592 

experiments.  Inset is a line scan over a representative region to show co-localization of pPax, talin and F-593 

actin in pixels intersected by the line.  (B) The Manders’ coefficients M1, talin co-localized in pixels 594 
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containing  pPax ,and M2, pPax co-localized in pixels containing talin were calculated .  TGCre+/-595 

;PDGFRαF/F LF were compared to those from littermate TGCre+/-;PDGFRα F/- controls, both in the 596 

presence and absence of NSC23766.  Box and whisker (Tukey) plots including 4 separate cell isolations 597 

for each genotype.  p<0.05 comparing NSC23766-treated to untreated LF from TGCre+/-;PDGFRα F/- 598 

control or TGCre+/-;PDGFRαF/F mice, two-way ANOVA.   599 

Figure 5:  LF exhibit durotaxis on soft polyacrylamide substrates.  (A) Bovine α-elastin was electrospun 600 

into a randomly oriented, rectangular mat (phase-contrast image in A) on a glass coverslide, which was 601 

covered with a polyacrylamide gel, so that the central portion assimilated with the elastic fibers (stippled 602 

gray rectangle in lanes 3 through 5 in A).  The gel-stiffness was dependent on the proximity to the elastic 603 

fibers which were present at the end of wells 3 through 5 (32 kPa) , but not wells 1, 2 and 6 (3 kPa).  After 604 

adding LF from PDGFRα-GFP mice to the wells (shown at bottom in A), time-lapse images were 605 

captured to enumerate the cells which accumulated in a zone near the boundary with the elastic fiber mat 606 

(shown as a rectangle in upper portion of A).  (B) Representative fields within this zone are shown, which 607 

were distant from (control) or proximate to (elastic fibers), with the perimeter of some cells outlined in 608 

white.  (C) When the migration period ended, the LF in an equal area within the stippled rectangle (A) 609 

were enumerated in lanes which were distant from (1, 2 and 6), or proximate to (3, 4, and 5) elastic fibers.  610 

Box and whisker (Tukey) plot combining 7 separate cell isolations.  (*) P<0.01 Student’s t-test paired 611 

variables, comparing lanes with and without elastin.  (D) Using the perimeters as illustrated in B, the 612 

areas and shape factors for LF within the zone were compared for control and elastic fiber containing 613 

lanes.  Box and whisker (Tukey) plots combining 3 separate migration experiments (*) p<0.05 comparing 614 

wells with elastic fibers to control wells (Student’s t-test for paired variables).  (E) Thirty cells were 615 

analyzed within the regions distant from (control) or proximate to elastic fibers (elastin).  Speed (S) and 616 

persistence (P) were calculated for each cell using the equation D2= S2P2(T/P-1 +e-T/P).  D2 is the square of 617 

the distance moved in the preceding 1 h (squared displacement in m2); P is the persistence time in hours, 618 

T is time in hours, and S is speed or velocity in m per hour.  Student’s  t-test, unpaired variables.  Box 619 
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and whisker (Tukey) plots, dots are outliers. P<0.01 comparing elastin to control.   620 

Figure 6:  PDGFRα promotes mechanosensitive Rac1-activation.  (A) Primary LF from control mice 621 

were plated on fibronectin-coated glass and 16 h prior to imaging, the FBS concentration was reduced to 622 

3%.  After a 5 minute delay, images were acquired for 15 minutes in the absence (control) or presence of 623 

50 ng/ml PDGF-A (PDGF-A).  Y-axis is the mean pixel by pixel ratio for the intensity of the FRET 624 

versus the donor channel within all regions of interest (ROI) at the periphery, for a particular cell.  Box 625 

and whisker (Tukey) plots combining 6 separate cell isolations, with pooled data from 12 cells per 626 

condition, for each isolation.  (*)  P<0.01, Student’s t-test, paired variables.  (B)  Primary LF from 627 

wildtype control mice were plated on type 1collagen-coated glass and fibrillar collagen (at the 628 

concentrations shown) was added to the medium when the serum concentration was reduced.  Twelve 629 

images were acquired for each collagen concentration, using 5 separate LF isolations and the data were 630 

analyzed as in A.  Box and whisker (Tukey) plots, (*) P<0.05, 1-way ANOVA.  (C) Primary LF from 631 

wildtype control mice were plated on collagen coated glass as in B, or embedded in a 2 mg/ml collagen 632 

gel.  After 16 h in medium containing 3% FBS, LF near the interface between collagen and glass were 633 

imaged.  LF plated on collagen-coated glass with 0.1 mg/ml collagen in the medium (as in B) were 634 

compared to LF embedded within the collagen gel.  Box and whisker (Tukey) plots combining 5 separate 635 

cell isolations, (*) P<0.05, Student’s  t-test paired variables.  (D)  LF from TGCre+/-;PDGFRαF/F or 636 

littermate control mice were embedded in 2 mg/ml collagen overlying a coverglass coated with an 637 

approximately 300 μm layer of silicone gel with varying stiffness shown in kPa.  After allowing 16 h for 638 

the LF to migrate towards the silicone layer, 12 cells from each source were imaged and data were pooled 639 

for 5separate cell isolations from mice of each genotype.  Box and whisker (Tukey) plots,  (*) P < 0.05, 2-640 

way ANOVA comparing varying stiffness within controls.  (†) P<0.05, 2-way ANOVA comparing LF 641 

from TGCre+/-;PDGFRαF/F (left panel) to those from littermate TGCre+/-;PDGFRαF/- control (right 642 

panel) mice plated on 64 kPa silicone gels.  (E) Map of regional Rac1-biosensor activity in a LF 643 

embedded in a 2 mg/ml collagen, shows greater generation of Rac1-GTP in lamellipodia at the right side 644 
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of the image.  (F) Diagram depicting the topography of PDGFRα or integrin initiated phosphorylation 645 

(through Src of PI3K) recruitment of  the adapters paxillin or p130Cas, which then associate with the 646 

Rac1-GEFs βPIX or p130Cas and their respective binding partners, GIT or ELMO, to elevate Rac1-GTP . 647 

Figure 7: Downstream signaling pathways contributing to Rac1-activation.  (A) Eighteen hours 648 

following viral transduction of wildtype control LF adherent to fibronectin-coated glass, the FBS 649 

concentration was reduced to 3%, and after an additional 24 h the medium in some wells was 650 

supplemented with 4 μM PP2 or 25 μM LY294002 (LY294).  After an additional 2 h, the medium 651 

remained usupplemented (control) or was supplemented with 50 ng/ml PDGF-A in the presence of 652 

absence of inhibitors.  Rac-1-FRET was analyzed in at least 10 cells from 5 to 20 minutes after adding 653 

PDGF-A.  N=4 separate cell isolations for each condition, (*) P<0.05 compared to untreated control; (†) 654 

P<0.05 compared to PDGF without inhibitor, 2-way ANOVA. Panels A, C and E show box and whisker 655 

(Tukey) plots, whereas Panels B and D show scatter plots for data, which were too concordant to be 656 

represented by boxes.  (B, C and E) Proximity ligation assays (PLA) were performed to assess how 657 

inhibition of PI3K or Src-kinase altered the association of Rac1-GEFs and their binding partners 658 

(Dock180/ELMO or βPIX/GIT) with downstream targets, which mediate the effects of Rac1 on the 659 

cytoskeleton or integrins.  (B) Association between Dock180/ELMO and p130Cas, n=3 cell isolations, 660 

total numbers of cells analyzed were 29, 31, 33, 29 for control, PDGF, PP2, and LY294, respectively.  (C)  661 

Association between βPIX/GIT and paxillin, n=4 cell isolations, total numbers of cells analyzed were 44, 662 

51, 40, and 46 for control, PDGF, PP2, and LY294, respectively using LF plated on fibronectin, as in A.  663 

The percentages of granules in lamellipodia relative to the total numbers of granules in that cell were 664 

plotted.  For B and C, (*) P<0.05 comparing control in absence of PDGF-A or inhibitor to PDGF-A.  (†) 665 

p<0.05 comparing PDGF-A and PP2 or LY294002 (LY294) treated LF to treatment with only PDGF-A, 666 

two-way ANOVA.  (D)  LF were added to collagen coated-glass and 18 h prior to analyzing Rac1-FRET, 667 

the FBS concentration was reduced to 3% and during the subsequent 24 h, the medium was supplemented 668 

with 100 μg of fibrillar collagen per ml; and  some wells contained  kinase-inhibitors during the last 2 h, 669 
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as in B.  Some cultures received neither collagen nor inhibitors.  Rac1-FRET was assessed as in Fig. 7A.  670 

(E) PLA analyzing association between βPIX/GIT and paxillin using LF cultured with the same 671 

substratum described in panel D.  n=4 cell isolations, 44, 56, 49 cells analyzed for control, PDGF, and 672 

PP2, respectively.  P<0.05 comparing control in absence of PDGF-A or inhibitor to PDGF-A.  (†) p<0.05 673 

comparing PDGF-A and PP2 treated LF to only PDGF-A treatment, two-way ANOVA.  However, unlike 674 

Rac1-FRET shown in D, PDGF-A was required to detect differences in the association of Rac1-GEFs and 675 

downstream effectors using the PLA. (*) P<0.05 comparing control in absence of PDGF-A or inhibitor to 676 

PDGF-A.  (F) Representative images of LF on fibronectin, which had been exposed to PDGF-A, or 677 

remained unexposed (control).  F-actin was stained with A488-phalloidin (green), nuclei with ToPro-3 678 

(blue) and PLA granules showing proximity between βPIX and paxillin are red. 679 

  680 
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