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Abstract

Vascular smooth muscle cell (VSMC) migration is a critical step in the progression of
cardiovascular disease and aging. Migrating VSMCs encounter a highly heterogeneous
environment with the varying extracellular matrix (ECM) composition due to the differential
synthesis of collagen and fibronectin (FN) in different regions and greatly changing stiffness,
ranging from the soft necrotic core of plaques to hard calcifications within blood vessel walls. In
this study, we demonstrate an application of a two-dimensional (2D) model consisting of an
elastically tunable polyacrylamide gel of varying stiffness and ECM protein coating to study
VSMC migration. This model mimics the /7 vivo microenvironment that VSMCs experience
within a blood vessel wall, which may help identify potential therapeutic targets for the treatment
of atherosclerosis. We found that substrate stiffness had differential effects on VSMC migration on
type 1 collagen (COL1) and FN-coated substrates. VSMCs on COL 1-coated substrates showed
significantly diminished migration distance on stiffer substrates, while on FN-coated substrates
VSMCs had significantly increased migration distance. In addition, cortical stress fiber orientation
increased in VSMCs cultured on more rigid COL1-coated substrates, while decreasing on stiffer
FN-coated substrates. On both proteins, a more disorganized cytoskeletal architecture was
associated with faster migration. Overall, these results demonstrate that different ECM proteins
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can cause substrate stiffness to have differential effects on VSMC migration in the progression of
cardiovascular diseases and aging.

Graphical Abstract
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1. INTRODUCTION

Vascular smooth muscle cells (VSMCs) are the primary cellular constituent of the medial
layer of arteries, contributing to vascular tone and blood pressure regulation. It has long been
known that VSMCs undergo phenotypic switching from a quiescent contractile phenotype to
a synthetic phenotype with aging and cardiovascular diseases such as atherosclerosis.1—3
With the synthetic phenotype, VSMCs acquire an increased capacity for proliferation,
migration, and extracellular matrix (ECM) protein secretion.! VSMC migration and
proliferation are critical to the formation of the fibrous cap in atherosclerotic plaques and
intimal thickening that occurs with age.1 In addition, VMSCs have been found to make up
a large portion of the necrotic plaque core. The core of a plaque is occupied by lipid-laden
macrophages known as foam cells. However, VSMC-derived foam cells have been found to
comprise up to 40% of the total foam cells.®

Migrating VSMCs encounter a broad range of microenvironments as the ECM varies widely
within atherosclerotic plagues and with aging, both in composition and stiffness. Tracqui et
al. used atomic force microscopy (AFM) to measure the stiffness of different regions of
plaques in apolipoprotein E-deficient (ApoE) mice, finding stiffness varied from a low
average of 5.5 kPa in lipid-rich regions to an average of 59 kPa with high values of 250 kPa
in areas of hypocellular fibrosis.6 Calcifications, another key feature of advanced plaques,
especially in older patients, are considerably stiffer, reaching the GPa range.* "8 Elsewhere,
stiffer ECMs have been shown to promote angiogenesis.®10 It has been well established that
stiffening of arteries also occurs with age, due in large part to a change in ECM composition
and in particular an increased collagen to elastin ratio.2# It has also been reported that
increased transforming growth factor-S1 expression in aged rat aortas resulted in increased
expression of fibronectin (FN), type | collagen (COL1), and type 111 collagen.11:12 Within an
atherosclerotic plaque, a varied ECM composition occurs in different regions. COL1 is
highly prevalent within the fibrous cap but nearly absent from the lipid-rich core, and
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increased FN deposition has been associated with early atherosclerotic lesions and VSMC
remodeling.13 Furthermore, migrating cells have been shown to actively modify the ECM,
promoting FN fibril formation, collagen deposition, and strain stiffening of the ECM,14-16
Given the widely varied ECM environments potentially experienced by migrating VSMCs,
deciphering the interplay of ECM stiffness and composition is critical to further
understanding of atherosclerosis progression. Previous studies comparing FN and laminin-
coated substrates have shown differential responses to substrate stiffness with FN showing
enhanced responses and laminin showing depressed responses.17-20

Cells are able to sense forces from their surrounding environment and translate mechanical
signals into biochemical responses, a process known as mechanotransduction.?! Binding to
the ECM occurs through focal adhesion complexes (FAs), mainly consisting of integrins,
which bind directly to the ECM and various intracellular proteins.2! FAs connect to and
transduce mechanical signals to the actin cytoskeleton through mechanosensitive proteins
such as talin and vinculin.2122 Known as the molecular clutch, the proteins connecting the
ECM-bound integrins to actin filaments harness the retrograde motion of actin to generate
tension along the substrate to induce movement. This system is sensitive to ECM stiffness as
talin unfolding only occurs on stiff substrates, allowing the recruitment of vinculin and
higher force transmission.22 Ample previous studies have demonstrated the ability of the
ECM to alter cell fate and function.23-26 In addition, the transduction of forces to the actin
cytoskeleton can induce cytoskeletal remodeling in response to ECM stiffness changes.2”:28

The stiffness and composition of the ECM are known to affect VSMC migration during
atherosclerosis and aging as well as the actin cytoskeleton. However, the combinatorial
effect of ECM stiffness and composition is worth further investigation given the varied
microenvironments seen in atherosclerosis, especially how they affect migration dynamics
and actin cytoskeleton orientation. In this study, we investigated the influence of ECM
stiffness and composition on VSMC migration using elastically tunable polyacrylamide (PA)
gels coated with COL1 or FN, as well as a novel analysis of migration dynamics. The
combinatorial effect of ECM stiffness and composition on cytoskeleton orientation was also
studied by confocal microscopy and AFM.

2. METHODS

2.1. Vascular Smooth Muscle Cell Isolation.

Animals used in this study were kept in accordance with the NIH guidelines (8th Edition of
the Guide for the Care and Use of Laboratory Animals), and the animal use protocol was
approved by the Laboratory Animal Use Committee of the University of South Dakota
(#13-09-15-18C) and Sanford Institutional Care and Use Committee (#153-03-21C).
VSMCs were enzymatically isolated from the descending thoracic aorta of euthanized male
Sprague Dawley rats using carbon dioxide (CO,) asphyxiation and seeded onto 60 mm
plastic dishes (Corning, Corning, NY). Cells were maintained in a DMEM-F12 (Invitrogen)
medium supplemented with 10% fetal bovine serum (FBS, ATLANTA Biologicals,
Lawrenceville, GA) in a humidified incubator with 5% CO, at 37 °C.29
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2.2. ECM Protein-Coated Polyacrylamide Gel Substrate Preparation.

PA gel substrates were prepared according to the protocol adapted from Fischer et al.30
Briefly, 50 mm glass-bottom dishes (MatTek Corporation, Ashland, MA) were activated by
drying a small amount of 0.1 N sodium hydroxide at 37 °C, followed by grafting a single
layer of (3-aminopropyl) triethoxysilane (Sigma, St Louis, MO). The aminated surface was
then coated with 0.5% glutaraldehyde to serve as a crosslinker for the PA gel. PA solutions
were prepared using 40% acrylamide (ACR), 2% Bis-ACR solution, 10% tetramethylethy-
lenediamine (TEMED), and 10% ammonium persulfate (APS, Sigma; ACR, Bis-ACR, and
TEMED from BIO-RAD) such that the resulting gels were 3.5 kPa (5% acrylamide (ACR),
1% Bis/ACR), 28 kPa (15% ACR, 2.5% Bis/ACR), and 103 kPa (15% ACR, 3.5% Bis/
ACR). PA gel polymerization was catalyzed with 0.05% APS and 0.1% TEMED. Coverslips
were deactivated using a small volume of dimethyldichlor-osilane (Sigma, St. Louis, MO).
The PA solution was pipetted onto the activated glass-bottom dishes, covered with a
deactivated coverslip, and allowed to polymerize under vacuum for 30 min. The resulting PA
gels were then washed several times with 50 mM 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid buffer (HEPES, ThermoFisher Scientific, Waltham, MA) to
remove the unreacted monomer. The PA gel surface was coated with 1 mM
sulfosuccinimidyl 6-(4"-azido-2’-nitrophenylamion) hexanoate (ThermoFisher Scientific,
Waltham, MA) in HEPES and activated under 20 min of UV light and served as the
crosslinker between the PA gel and ECM proteins. After quick washes with HEPES, the gel
surface was then grafted with one layer of either COL1 (Sigma, St. Louis, MO) (0.15
mg/mL) or FN (Invitrogen, Carlsbad, CA) (0.15 mg/mL). The ECM protein coatings were
evaluated by immunostaining and imaging on a confocal microscope (Figure S1). PA gel
stiffness was determined by AFM indentation, as previously described.28:31

2.3. Cell Migration Studies.

At 70% confluency, PO cells were trypsinized and seeded onto COL1- or FN-coated gel
substrates at a density of 10 000 cells/cm?. Cells were allowed to plate in serum-free media
for 2 h in a humidified incubator with 5% CO» at 37 °C. Cell migration studies were carried
out using a JuLl Stage Real-Time Cell History Recorder (NanoEnTek Inc., Seoul, Korea)
maintained in a humidified incubator with 5% CO, at 37 °C. Regions of interest with a
sufficient number of nontouching cells were preselected and imaged with a 4x or 10x
objective at 10-15 min intervals over the course of 24 h. Image stacks were processed using
FI1JI (FI31 is Just ImageJ). The plugin StackReg (Biomedical Imaging Group, Swiss Federal
Institute of Technology Lausanne) was used to align image stacks, and cell tracking was
done manually using the built-in MtrackJ plugin. Position data was processed using
MATLAB, and any tracked cell with a final displacement of less than 10 4m was eliminated
from analysis (R2016a, MathWorks Inc., Natick, MA). The random motility coefficient
(RMC) was calculated by a linear curve fit of mean square displacement (MSD) vs time
using eq 1

MSD = 4ut )

where g is the RMC, and tis time.32
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2.4. Confocal Imaging and Image Processing.

Primary VSMCs were seeded onto PA gels at a density of 10 000 cells/cm?. At 60 to 80%
confluency, VSMCs were fixed using 4% paraformaldehyde solution in phosphate-buffered
saline (PBS) (Affymetrix, CA) for 20 min at room temperature and rinsed with PBS. Cells
were permeablized with 0.1% Triton X-100 in PBS for 5 min followed by two rinses with
PBS. A 1:1000 dilution of phalloidin (Phalloidin-iFluor 488, Abcam, Cambridge, U.K.) in
1% bovine serum albumin/PBS was used to stain the F-actin cytoskeleton for 20 min.
Following two more washes with PBS, the nucleus was counterstained using a 1:1000
dilution of Hoechst 33342 (BD Biosciences, San Jose, CA) dissolved in PBS for 10 min.
VSMCs were imaged using a laser scanning confocal microscope (Olympus 1X83 FV1200,
Olympus Life Science) at a 1024 x 1024 pixel resolution and z-height of 0.38 pm. Z-stacks
were flattened and manually segmented by tracing VSMCs in contact with at least one other
cell. As previously described, a series of elongated Laplacian-of-Gaussian (eLoG) filters

were used to convolve flattened zstacks to detect total cellular cytoskeletal fiber orientation.
28,29

2.5. Live VSMC AFM Imaging and Cytoskeletal Orientation Processing.

Contact mode live AFM imaging (MFP-3D-BIO, Asylum Research, Santa Barbara, CA) was
used to study live VSMC topography. A 30 x 30 u4m area of the cell surface was scanned at a
digital density of 512 x 512 pixels using a stylus AFM probe (model MLCT-C, k=15
pN/nm, Bruker, Santa Barbara, CA). The cell surface scanning frequency was 0.3 Hz. All
experiments were conducted in the CO5-independent medium at room temperature for a
period of 1-2 h.28:31 AFM height images were used to compute actin stress fiber density
(Figure S2). AFM deflection images were used to compute VSMC cortical actin stress fiber
orientation using a modified method of Karlon et al. (Figure S3).33

2.6. Statistical Analysis.

Statistically significant differences between substrates of differing stiffness were determined
using a one-way analysis of variance (ANOVA) on Origin Pro 8.1 (OriginLab Corporation,
Northampton, MA). Significant differences in stress fiber orientation were assessed using
Student’s t-test on the circular variance of each experimental group of VSMCs. A value of
*P<0.05, **P<0.01, and ***P< 0.001 was considered statistically significant. All data
were reported as mean = standard error of the mean (SEM).

3. RESULTS

3.1. Effect of Substrate Stiffness and Extracellular Matrix Proteins on Vascular Smooth
Muscle Cell Migration Distance.

An overview schematic showing the methodology for the migration experiments can be seen
in Figure 1A. Using the manually tracked positions of the nuclei, cell tracks for each gel
were mapped to a common origin (Figure 1B). Qualitatively, VSMCs on the FN-coated 103
kPa gel had the greatest migration distance overall, with the FN-coated gels appearing to
show an increase in migration as stiffness increased. Furthermore, the Gaussian curve fit of
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the migration histograms showed the peak shifting to the left as stiffness increased on
COL1-coated gels, indicating that cells traversed a shortened distance (Figure 2A-C).

The opposite effect was observed on the FN-coated gels with the peak shifting to the right as
stiffness increased, indicative of a greater migration distance (Figure 2D—F). The 103 kPa
COL1 and 3.5 kPa FN, which were the substrates that exhibited the lowest migration
distance, also had the narrowest peak, whereas peaks were broader for the substrates with
higher migration distances. The average distance vs time plots also showed this trend with
the migration distance increasing as substrate stiffness decreased for COL1 and the inverse
trend for FN (Figure 3A,B). Statistical testing with one-way ANOVA showed that substrate
stiffness had a significant effect on migration distance on both COL1- and FN-coated
substrates (P < 0.05) (Figure 3C,D).

Effect of Substrate Stiffness and Extracellular Matrix Proteins on Vascular Smooth

Muscle Cell Migration Dynamics.

VSMC migration dynamics were characterized by analyzing migration speed and stoppages.
From the distance vs time graphs for individual cells, a stepwise migratory behavior was
noted, where there would be rapid increases in distance traveled followed by a much slower
increase of complete stops (representative plot in Figure 4A). The derivative of this plot
confirmed this behavior with the number of local speed peaks observed at regular intervals,
demonstrating an oscillatory migration behavior (Figure 4B). Average migration speed for
COL1 (Figure 4C) was found to significantly decrease with increasing stiffness while FN-
coated substrates (Figure 4F) showed the opposite trend with average speed increasing with
increasing stiffness, matching the migration distance results. The migration stops were also
analyzed for each cell. The number of stops was counted, and consecutive stops were
merged together. COL1-coated substrates had the greatest number of stops on 103 kPa
substrates, and stiffness was found to have a significant effect on the number of stops, with
an increasing trend seen with increasing stiffness (Figure 4D). The opposite trend was seen
with FN-coated substrates. The 3.5 kPa substrate had the highest number of stops, and a
significant downward trend in the number of stops was seen with increasing stiffness (Figure
4G). For the resting time (total time stopped), the lengths of all stops were added together.
Substrate stiffness was also shown to have a significant effect on the resting time for both
proteins, following the same trend as migration distance with total resting time increasing on
COL1-coated substrates (Figure 4E) and decreasing on FN-coated substrates with increasing
substrate stiffness (Figure 4H).

From the displacement data, the MSD was calculated for each time point and averaged
across all cells. On COL1-coated gels, the average MSD for both 3.5 and 28 kPa substrate
tracked almost identically, while for the 103 kPa substrate, the MSD was consistently higher
although error bars still overlapped (Figure 5A). This result stands in contrast to migration
distance for COL1 as the 103 kPa substrate had the lowest average distance. For FN, the 28
kPa substrate initially had a higher MSD than the 3.5 kPa substrate but the difference ended
after about 800 min (Figure 5B). VSMCs cultured on the 103 kPa FN-coated substrates
maintained the highest MSD among all three substrates. From the MSD, the RMC was
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calculated, and substrate stiffness had a significant effect on the RMC for FN-coated
substrates (Figure 5D) but not for COL1-coated substrates (Figure 5C).

3.3. ECM Composition did Not Alter Global VSMC Cytoskeletal Architecture in Response
to Changes in Substrate Stiffness.

To test whether overall cytoskeletal architecture was altered in response to ECM
composition and substrate stiffness, fluorescent images of the actin cytoskeleton were
obtained by confocal microscopy. Representative z-stack images of actin stress fibers are
shown in Figure 6 (top rows, panels A and B) for COL1- and FN-coated gel substrates with
an E-modulus of 3.5 kPa (left), 28 kPa (middle), and 103 kPa (right). The corresponding
stress fiber orientation color maps (Figure 6A,B, bottom rows) were computed using a
proprietary MATLAB software. VSMCs on the 28 and 103 kPa substrates showed a fairly
consistent mix of colors for each cell for a given ECM coating, indicating substrate stiffness
had little or no effect on global cytoskeletal arrangement. However, a potential effect was
observed with VSMCs on the COL1-coated 3.5 kPa substrate, with the cells displaying more
varied colors. F-actin orientation was quantitatively analyzed and plotted in histograms. The
results confirmed our qualitative assessment of the color maps that substrate stiffness had an
effect on cytoskeletal architecture on COL1-coated substrates but not the FN-coated
substrates (Figure 6C,D, respectively). In addition, VSCMs on the FN-coated substrates did
show a more dispersed F-actin orientation than those on the COL1-coated substrates. The
quantified group data showed a significant difference in global actin stress fiber alignment
along the dominant orientation angle (-10-10°) between the COL1-coated substrates, with
VSMCs on the 3.5 kPa showing a more dispersed orientation while no significant difference
was observed on the FN-coated substrates (Figure 6E,F, respectively).

3.4. Live AFM Imaging-Revealed ECM Composition Induces Differential Effects of
Substrate Stiffness on VSMC Cytoskeletal Orientation.

To examine if the observed changes in VSMC migration on COL1- and FN-coated PA gels
were correlated with differences in the cortical cytoskeletal architecture, live cell AFM
imaging was used. As opposed to confocal microscopy, which shows the whole actin
cytoskeleton, AFM contact mode scans only the outermost cortical stress fibers,28:29.31
Representative AFM height images of stress fibers are shown in Figure 7 for VSMCs
cultured on COL1- (top rows of panel A) and FN (top rows of panel B)-coated substrates.
The bottom row of each panel shows the stress fiber area fraction of each image, with the red
representing the area occupied by stress fibers and the blue representing the background. No
significant difference in the stress fiber area fraction between the different substrate
stiffnesses for both COL1-coated (Figure 7C) and FN-coated gel substrates was found,
indicating that the amount of stress fibers did not vary (Figure 7D). In addition, no
significant difference in average roughness was seen between the 28 and 103 kPa substrates
for both COL1 and FN (Figure 7E,F, respectively).

Representative AFM deflection images are presented in Figure 8 for the cells cultured on the
COL1- (panel A, top row) and FN-coated (panel B, top row) substrates, respectively. The
corresponding circular histogram for each deflection image was displayed in the bottom row.
Stress fiber orientation angles were normalized along the most dominant orientation angle
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frequency to allow for comparison across groups. The COL1-coated 28 kPa substrate shows
a much broader variety of fiber orientation angles (panel A, bottom left) compared to the
tight grouping seen on the 103 kPa substrate (panel A, bottom right), indicating an increase
in stress fiber orientation for the stiffer substrate. Qualitatively, for FN-coated substrates, the
103 kPa substrate (Figure 8B, bottom left) shows a more dispersed angle grouping compared
to the 28 kPa substrate (Figure 8B, bottom right), indicating a more disorganized stress fiber
architecture. The summarized stress fiber orientation corroborated the qualitative analysis of
the deflection images, showing a clear increase in stress fiber alignment with increased
stiffness for the COL1-coated substrate (Figure 8C) and a clear decrease for the FN-coated
substrate (Figure 8D). From the summarized percent frequency of the stress fibers with the
dominant orientation angle (-20-20°), increasing substrate stiffness was found to
significantly increase stress fiber alignment for the COL1-coated substrate (Figure 8E) and
conversely result in a significant stress fiber dispersion for the FN-coated substrate (Figure
8F).

4. DISCUSSION

Cell migration is a well-studied phenomenon, and the importance of ECM stiffness and
composition has been known for a long time.343% However, reported effects were highly
variable, even contradictory, depending on the cell type used. Bangasser et al. reported that
U251 glioma cells exhibited a peak RMC on a 100 kPa COL1-coated substrate.32 Others
have reported lower migration of MDA-MB-231 cells on irradiated collagen substrates with
reduced stiffness.36 Meanwhile, human keratinocytes have been found to have a higher
migration velocity on a 1.2 kPA digested COL1-coated substrate than on a 24 kPa substrate.
37 Differences were also observed for FN-coated substrates where no changes in migration
were found for mouse enteric neural crest cells on substrates with stiffness ranging from 1.5
kPa to GPa,38 while both fibroblasts and neutrophils exhibited lower migration distances
with increasing stiffness.3439 Others have shown an increased migration speed of human
adipose-derived stem cells with increasing substrate stiffness.40 Interestingly, in the
aforementioned study with neutrophils, Oakes et al. reported that although migration
velocity decreased with increasing stiffness, neutrophils on stiff substrates had a higher
MSD, indicating they migrated with greater persistence.3? In this study, we provide further
insight into the effects of substrate stiffness and composition on cell migration specifically
with VSMCs by mimicking atherosclerotic microenvironments.

We found that the migration distance and speed on COL1-coated substrates decreased with
increasing substrate stiffness, with other dynamical properties behaving as would be
expected for the observed decrease in migration (Figures 3 and 4). Interestingly, although
not significant, the 103 kPa COL1-coated substrate did exhibit the highest MSD and RMC,
indicating that despite migrating slower, VSMCs on the stiff substrate did migrate with
greater persistence, as was reported on FN-coated substrates (Figure 5).39 In addition, an
oscillatory-like behavior was seen in the migration speed (Figure 4), potentially relating to
oscillations in cell stiffness we have previously found. Spontaneous oscillations in cell
elasticity have been linked to myosin Il activity, which plays a critical role in the contraction
of the cell during migration.2241 The decrease in migration distance on the stiffer COL1-
coated substrates correlates well with the behavior of VSCMs during atherogenesis, where
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VSMCs migrate from the less stiff media to the stiffer fibrous cap. During the formation of
the fibrous cap in the middle stages of atherogenesis, VSMCs secrete abundant amounts of
fibrous COL1, which stabilizes the fibrous cap and has been shown to downregulate
migration-related genes.*2-46 Our results demonstrate that the simultaneous stiffening of the
cap during these stages may contribute to a decrease in VSMC migration and help to
stabilize the plaque. As the plaque progresses to a late-stage atheroma, macrophages
accumulate in the shoulder regions of the plaque, secreting matrix metalloproteinases
(MMPs).4345 MMPs degrade the COL1-rich ECM and along with the loss of VSMCs,
causing the fibrous cap to thin and become prone to rupture in late-stage atherosclerosis.#2:46
Monomeric and fragmented COL1 resulting from the degradation of the fibrous cap have
been shown to stimulate VSMC migration.43 Apoptosis has been identified as a primary
cause of VSMC loss within the fibrous cap due to the activity of activated inflammatory
cells.*” However, based on our results, the degradation of COL1 would lower the stiffness of
ECM and could further stimulate VSMC migration toward regions of greater stiffness and
thus also contribute to fibrous cap thinning and subsequent plaque rupture. Migration on FN-
coated substrates was found to be similar to some previously reported results, with migration
distance and speed increasing with increasing stiffness (Figures 3 and 4).40 Large amounts
of FN have been previously noted in the fatty streaks of early atherosclerosis.*84% The
increased FN has been shown to be vital not only for further atherosclerotic progress but also
in the formation of the fibrous cap, despite being nearly absent within the fibrous cap.59 FN-
rich COL1-poor deposits have been found in some plaques with subendothelial cells being
concentrated to these areas.*® The ECM of atherosclerotic arteries has also been found to
contain abundant deposits of FN with extra domain A that has been shown to promote
atherosclerosis.®! Based on our results, these FN deposits along with the increased stiffness
of atherosclerotic arteries may contribute to the VSMC migration seen in the progression of
atherosclerosis. In addition, both MSD and RMC increased with increasing stiffness,
indicating that VSMCs not only migrated a greater distance but also had greater persistence
(Figure 5). Meanwhile, the number of stops and resting time decreased with increasing
stiffness as anticipated for the increase in migration distance on stiffer substrates (Figure
4G,H). It should be noted that although the PA gels were coated with equal concentrations of
COL1 and FN, cells have been shown to exhibit different migratory responses to the same
level of different proteins.>2-3% In particular, human smooth muscle cells displayed peak
migration on FN at a coating concentration around 20 pg/mL and lower migration at higher
concentrations®2 while 3T3 fibroblast migration peaked at a COL1 coating concentration of
0.15 mg/mL.53 Furthermore, substrate stiffness and ECM protein density have been shown
to modulate mechanotransduction, with behavior varying by ECM protein.56 Thus, the
observed differences could be due in part to the amount of protein present and further
studies varying the protein-coating concentration are required to examine this question.

Our results indicate how VSMCs respond to environments of different stiffness may depend
on the ECM protein present. Numerous studies have shown that migration behavior may
depend on ECM proteins.1”-19 Recently, we have also shown that VSMCs cultured on
COL1 and FN have different responses to fluvastatin, which was linked to integrin adhesion
and expression.®’ It is widely known that cells bind to different ECM proteins through
different integrins.58 These integrin-ECM protein binding pairs are known to vary in
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binding strength and dynamics.>:5% Talin has been shown to be critical to integrin adhesion
function by binding directly to actin, inducing integrin activation, and is mechanosensing,
unfolding in response to large enough forces enabling the recruitment of other proteins such
as vinculin.% Some evidence suggests that some integrin may be mechanosensitive.%1 Thus,
it is possible that the different integrins’ binding to different ECM proteins could have varied
mechanosensitivity and thus exhibit different responses to substrate stiffness. It is also not
clear what effect COL1 and FN together would have on VSMC migration as other studies
have shown that one ECM protein can completely mask the effect of another.18.19

Cytoskeletal remodeling in response to changes in substrate stiffness and membrane
cholesterol manipulation has been reported.28 Thus, we thought that cytoskeletal remodeling
could also be linked to ECM composition, which may influence VSMC migration. Global
stress fiber orientation was first analyzed by confocal microscopy. Substrate stiffness was
shown to have no effect on actin stress fiber alignment for the FN coatings while a
significant effect was observed on the COL1-coated substrates. In addition, VSMCs on FN-
coated substrates did have a notably more dispersed actin alignment compared to those on
COL1 (Figure 6). To more closely analyze only the cortical actin stress fibers, AFM contact
mode imaging was employed. Since the AFM tip is only able to indent several nanometers
into the cell surface, it is able to detect only the stress fibers closest to the surface. These
fibers hold the most relevance for cell migration as they are linked to focal adhesion through
the proteins vinculin and talin.21.22 Qur results demonstrate that substrate stiffness had a
significant effect on cortical VSMC stress fiber orientation for both COL1- and FN-coated
substrates (Figure 8). However, VSMCs cultured on COL1 had an increase in stress fiber
orientation on the stiffer substrate, while those cultured on FN displayed a decrease in the
organization, similar to previously reported results.28:34 Furthermore, for both COL1 and
FN, VSMCs with the more disorganized stress fiber orientation exhibited a higher migration
distance. It is plausible that increased F-actin polymerization at the leading edge of faster
VSMCs leads to a decrease in stress fiber orientation.28 The observed difference in global
and cortical stress fiber architecture could be due to the linkage of cortical F-actin to
mechanosensing integrins via talin in FAs, which have been shown to co-align with F-actin
and grow parallel to strain.52

5. CONCLUSIONS

In summary, we found that VSMC migration was dependent on both substrate stiffness and
ECM protein composition. Higher migration distance was also linked to a more disorganized
actin cytoskeleton architecture. These results support our hypothesis that ECM stiffness and
composition coordinate to regulate cell migration dynamics and cytoskeleton architecture.
Our results also provide further insight into the effects of the heterogeneous
microenvironments seen in aging and atherosclerotic plaques on disease progression. In
future studies, we aim to also study the effect of cholesterol on VSMC migration in
conjunction with ECM stiffness and composition potentially using ApoE mice or
manipulating cholesterol using statins and oxidized low-density lipoprotein while also
employing a three-dimensional model to better mimic atherosclerotic microenvironments.
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VSMC migration on the different ECM protein-coated gel substrates with varying stiffness.
(A) Schematic of VSMC migration experiments. The descending thoracic aorta was
harvested from 8-week old male Sprague Dawley rats and VSMCs were enzymatically
isolated. After 6-10 days of culture, VSMCs were trypsinized and seeded on ECM protein-
coated PA gels for 24 h imaging and VSMC positions were tracked. Distance (in red) covers
the path the cell took. The displacement (yellow) is the straight-line path from the start point
to the end point. Mean square displacement (MSD, cyan) is the square of the displacement,
essentially a box covering the area traversed by the cell. (B) Position plot of the VSMC
nucleus mapped to a common origin. Top Row: VSMCs on COL1-coated substrates
displayed little visual change in migration. Bottom Row: VSMCs on FN-coated substrates
show an apparent increase in migration with increasing substrate stiffness. For each stiffness
and protein combination, 30 to 50 cells were tracked per independent trial, with three

independent replicates.
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Figure 2.

Distribution of the VSMC migration distance on different ECM protein-coated gel substrates
with varying stiffness. (A—C) VSMCs on the COL1-coated gel substrates. The 103 kPa
substrate histogram had a left-shifted, narrower peak than those on the 3.5 and 28 kPa
substrates, indicating lower migration distance. (D—F) VSMCs on the FN-coated gel
substrates. VSMC migration distances became more dispersed on the stiffer substrates, with
the peak shifting to the right, indicating a higher average migration distance.

ACS Appl Bio Mater. Author manuscript; available in PMC 2021 July 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Rickel et al.
A Collagen 1
300
+3.5 kPa
E +28 kPa
2200 +103 kPa
(]
(8]
S
100
o
c 400 800 1200
Time (s)
g 600 k
U
3 °
2 400{° © ¢ o
S 2 & > o
0 o 58 ’
Q 200 3
c & LN
o) parre rny ]
5 0
= 3.5 28 103

Substrate E-modulus (kPa)

Figure 3.
Substrate stiffness and ECM composition alter VSMC migration. (A, B) Migration distance

vs time plots demonstrated that VSMC migration distance decreased on COL1-coated gels
as stiffness increased, while migration distance increased on FN-coated gels with increasing
stiffness. (C) Increasing substrate stiffness resulted in a significant decrease in migration
distance for COL1-coated substrates. (D) FN-coated substrates showed a significant increase
in migration distance with increasing substrate stiffness. Data in panels (A) and (B) are
presented as mean migration distance (mid-line) at each time point + SEM. Data were
presented in panels (C) and (D) as mean migration distance at end point £ SEM. **P< 0.01
and ***P< 0.001.
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Figure 4.

Combinatorial effect of ECM proteins and substrate stiffness on VSMC migration dynamics.
(A) Representative migration distance vs time plot shows an apparent stepwise migration
behavior. (B) Instantaneous migration speeds were determined by the first derivative of the
migration distance at each time point. A clear pattern of speed peaks and stops was seen in
the migration speed vs time plot. (C, F) VSMC migration speed significantly decreased on
COL1 (C) with increasing substrate stiffness. VSMCs on 103 kPa FN-coated (F) substrates
displayed significantly higher migration speed than the 28 and 3.5 kPa FN-coated substrates.
(D, G) The number of migration stops significantly increased on COL1-coated (D)
substrates with increasing substrate stiffness. On FN-coated substrates (G), VSMCs
experienced significantly fewer stops on the stiffer gels. (E, H) VSMCs on stiffer COL1-
coated substrates (E) stopped for longer resting time. Conversely, the total resting time
significantly decreased on the stiffer FN-coated substrates (H). Data were presented as mean
+ SEM. **P< (.01 and ***P< 0.001.

ACS Appl Bio Mater. Author manuscript; available in PMC 2021 July 28.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Rickel et al.

Random Motili

Mean Square
Displacement (;tmz)

Page 19

>

Collagen 1 B Fibronectin

+3.5 kPa -
+28 kPa £
S £
T o
5000 ®» £5000
cC o
o O
@ =
2500 = %2500
400 800 1200 400 800 1200
C Time (s) D Time (s)
15 15 sa
= =
o 10 = “c 10 e x
A § TR
R o > T O V)
o . % S E ﬁ
E o @ & 9 o=
o)
O 35 28 103 © 103
Substrate E-modulus (kPa) Substrate E-modulus (kPa)
Figure 5.

Combinatorial effect of ECM proteins and substrate stiffness on VSMC migration
displacement. (A) Despite having the lowest migration distance, VSMCs on the 103 kPa
COL1-coated substrate had the highest MSD across all time points, indicating a more
persistent migration. (B) VSMCs on the 103 kPa FN-coated substrate also had the highest
MSD. (C) Substrate stiffness had no significant effect on the RMC of VSMCs on the COL1-
coated substrate. However, VSMCs on the 103 kPa substrate did have the highest RMC. (D)
On the FN-coated substrate, substrate stiffness was found to have a significant effect on the
RMC. Data were presented as mean = SEM. **P< 0.01.
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A
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Figure 6.

anfocal images of the VSMC actin cytoskeleton. (A, B) Top row of each panel shows a
representative confocal image of VSMC actin fiber culture on the 3.5 kPa (left), 28 kPa
(middle), and 103 kPa (right) substrates for COL1 and FN coatings, respectively. The
bottom row of each panel shows the corresponding color map of stress fiber orientation
computed from the confocal images. (C, D) Stress fiber orientation histograms for COL1
and FN coating, respectively, where the dominant orientation angle was normalized to zero
for each cell. (E, F) Significant difference in the frequency of the dominant orientation angle
(-10°~+10°) was observed for COL1-coated PA gels, with VSMCs on the 3.5 kPa substrate
having a more disorganized actin cytoskeleton. No significant difference in the dominant
orientation was observed for VSMCs cultured on the FN coatings. Actin (green) was stained
with phalloidin and the nuclei (blue) were counterstained with Hoescht. At least 20 confocal
images were analyzed for each condition. Data were presented as mean £ SEM. **P< 0.01.

ACS Appl Bio Mater. Author manuscript; available in PMC 2021 July 28.

Page 20
KPR 28 kPa 103 kPa C cCollagen 1 E  cCollagen1
:\; 20 3.5 kPa ;\? .
~ o 28 kPa :
3 103 kPa 5 S 50
5 >® )
S e € Is
] . gE & X
= — e 10 ) - -
g / N t g o
S / e
2 . £ I\ &
N \ K4 1"‘ N} QL
\ . I (LLOERELLH M § o
90 -45 0 45 90 T 35 28 103
% Normalized fiber Substrate
: orientation (degree) E-modulus (kPa)
3.5 kPa 28 kPa 103 kPa D Fibronectin FA Fibronectin
X
~ 20/ 3.5kPa s
o e
£ |m=28kPa %8 5l
) 103 kPa >® 0
e 15 0 = S
c < 8
v o 9
= [ S = ® "
4 T o ! Fa %
o S0um o AN ‘I.I: S 25 & '~ s
o HiB e , §
. 8 4 \ g2
Vi & < 5 \ © &
. ] A \ o c
¢ A o 0 \ S E
& @ _ £
7 = H H ” “H g o
57 o LUV Y AR . °
: M 90 45 0 45 90 35 28 103
v Normalized fiber Substrate
orientation(degree) E-modulus (kPa)



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Rickel et al.
A c Collagen 1
: 1.0 £ 2
- : 08 F 7
c %o
8‘) e 0.6 o o
S o 04 o
0
© <02
0.0-
28 103
Substrate
E-modulus (kPa)
D
Fibronectin
1.0
c &, g
% 0.8 Qg +
£ Soe e
o
@ g 04 o
[¢) <
5 0.2
e 0.0
28 103
Substrate

E-modulus (kPa)

Figure 7.

Page 21

400 Collagen 1
300
E
£ 200 T
< %
(04 ® o50°
100 & JE
o ‘e
’ 28 103
Substrate
E-modulus (kPa)
F
400 Fibronectin
300
3 o
£ 200 i
g :
100, & e}
O@’ prese)
’ 28 103
Substrate

E-modulus (kPa)

AFM height images of the cortical cytoskeleton and the area fraction of the cortical stress
fiber. (A, B) Representative AFM height images for VSMCs cultured on COL1- and FN-
coated 28 kPa (left) and 103 kPa (right) substrates (top row of panels (A) and (B),
respectively). The color changes from blue to red indicate the increasing height of the stress
fibers. The bottom row of each panel shows the threshold applied to the height image to
separate the areas occupied by stress fibers (red) from the empty background (blue). (C, D)
Substrate stiffness did not have a significant effect on the area occupied by stress fibers for
the cells cultured on the COL1- or FN-coated substrate. (E, F) Substrate stiffness did not
have a significant effect on the average roughness of the cell surface cultured on the COL1-
or FN-coated substrate. For AFM imaging, 20 cells cultured on COL1 for each stiffness and
14 cells on FN for each stiffness were imaged. Data were presented as mean + SEM.
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Figure 8.
Substrate stiffness and ECM coating alter VSMC’s cytoskeleton organization. (A, B)

Representative 30 gm x 30 ym AFM deflection images for VSMCs cultured on 28 kPa (left)
and 103 kPa (right) are seen in the top row of each panel. The bottom row of each panel
displays a circular histogram, showing the normalized stress fiber orientation of each
corresponding deflection image. (C) The VSMCs cultured on the 103 kPa COL1-coated
substrate displayed a more aligned stress fiber organization than those on the 28 kPa
substrate. (D) On FN-coated substrates, VSMCs on the softer 28 kPa substrate displayed the
more aligned stress fiber architecture. (E) Summarized percent frequency of dominant fiber
orientation (—20°~+20°) showed a significantly more orientated stress fiber architecture on
the 103 kPa COL1-coated substrate. (F) The summarized percentage frequency of dominant
fiber orientation (—20°~+20°) showed the opposite trend for the FN-coated substrate, with
VSMCs on the 28 kPa substrate having a more aligned stress fiber orientation. Data were
presented as mean £ SEM. *P< 0.05.
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