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a b s t r a c t 

Mechanical stress patterns emerging from collective cell behavior have been shown to play critical roles 

in morphogenesis, tissue repair, and cancer metastasis. In our previous work, we constrained valvular 

interstitial cell (VIC) monolayers on circular protein islands to study emergent behavior in a controlled 

manner and demonstrated that the general patterns of cell alignment, size, and apoptosis correlate with 

predicted mechanical stress fields if radially increasing stiffness or contractility are used in the compu- 

tational models. However, these radially symmetric models did not predict the existence of local regions 

of dense aligned cells observed in seemingly random locations of individual aggregates. The goal of this 

study is to determine how the heterogeneities in cell behavior emerge over time and diverge from the 

predicted collective cell behavior. Cell-cell interactions in circular multicellular aggregates of VICs were 

studied with time-lapse imaging ranging from hours to days, and migration, proliferation, and traction 

stresses were measured. Our results indicate that elongated cells create strong local alignment within 

preconfluent cell populations on the microcontact printed protein islands. These cells influence the align- 

ment of additional cells to create dense, locally aligned bands of cells which disrupt the predicted global 

behavior. Cells are highly elongated at the endpoints of the bands yet have decreased spread area in the 

middle and reduced mobility. Although traction stresses at the endpoints of bands are enhanced, even 

to the point of detaching aggregates from the culture surface, the cells in dense bands exhibit reduced 

proliferation, less nuclear YAP, and increased apoptotic rates indicating a low stress environment. These 

findings suggest that strong local cell-cell interactions between primary fibroblastic cells can disrupt the 

global collective cellular behavior leading to substantial heterogeneity of cell behaviors in constrained 

monolayers. This local emergent behavior within aggregated fibroblasts may play an important role in 

development and disease of connective tissues. 

Statement of significance 

Mechanical stress patterns emerging from collective cell behavior play critical roles in morphogenesis, 

tissue repair, and cancer metastasis. Much has been learned of these collective behaviors by utilizing mi- 

crocontact printing to constrain cell monolayers (aggregates) into specific shapes. Here we utilize these 

tools along with long-term video microscopy tracking of individual aggregates to determine how het- 

erogeneous collective behaviors unique to primary fibroblastic cells emerge over time and diverge from 

computed stress fields. We find that dense multicellular bands form from local collective behavior and 

disrupt the global collective behavior resulting in heterogeneous patterns of migration, traction stresses, 

proliferation, and apoptosis. This local emergent behavior within aggregated fibroblasts may play an im- 

portant role in development and disease of connective tissues. 

© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 

P

t

h

1

✩ Part of the Special Issue on the Mechanics of Cells and Fibers, guest-edited by 

rofessors Amrinder S. Nain, Derrick Dean, and Guy M. Genin. 
∗ Corresponding author at: Biomedical Engineering Department, Worcester Poly- 

echnic Institute, 100 Institute Road, Worcester, MA 01609. 

E-mail address: kbilliar@wpi.edu (K. Billiar) . 

1

b

p

ttps://doi.org/10.1016/j.actbio.2022.10.041 

742-7061/© 2022 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 
. Introduction 

Morphogenesis, tissue repair, and cancer metastasis are driven 

y collective cell behaviors which differ substantially from inde- 

endent cell behavior. Studies that use voids, scratch assays [1–5] , 
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nd micropatterned protein "islands" [ 6 , 7 ] in specific geometries 

8–12] demonstrate that emergent mechanical stress patterns con- 

ribute in large part to the collective cell behavior. In particular, 

aximum traction stresses at the surface correlate positively with 

roliferation at pattern edges [13] , while the anisotropy of com- 

uted cell layer stresses correlate with cell alignment and elonga- 

ion [14] . The majority of studies on collective cell behavior uti- 

ize epithelial cells and cell lines which exhibit relatively uniform 

ell area when in a monolayer as well as strong contact inhibition. 

mergent patterns in the behavior of these cell types are explained 

elatively well with computational mechanical models that assume 

niform cell mechanical properties such as modulus and contrac- 

ility [ 9 , 10 , 12 , 15 ]. However, primary mesenchymal and spindle like

ells, which are more contractile and have strong cell-cell interac- 

ions, exhibit less uniform behavior when cultured as monolayers 

 5 , 16 , 17 ]. 

The complex collective cell behavior of primary valvular in- 

erstitial cells (VICs) is implicated in calcific aortic valve disease 

 18 , 19 ]. VICs cultured as monolayers, sheets of cells without any

onfinement, detach under high tension and form multicellular ag- 

regates which become hyperconfluent. The cells in these high- 

ensity regions undergo apoptosis and calcification [18–20] . Previ- 

usly, we used uniform circular protein islands to form consistent 

ulticellular aggregates, with confined sizes, to study the effects 

f collective cell behavior on calcification of these cells [21] . We 

ound that the general patterns of cell alignment, size, and apopto- 

is correlate with predicted mechanical stress fields if nonuniform 

ell properties are used in computational models [ 22 , 23 ]. How- 

ver, these radially symmetric models did not predict the substan- 

ial heterogeneity in cell behavior observed in individual circular 

ggregates. In particular, we observed asymmetric apoptotic pat- 

erns associated with local hyperconfluent regions. We also ob- 

erved groups of aligned elongated cells spanning the 200 μm- 

iameter collagen islands. Similar collective alignment of spindle- 

haped cells forming well-aligned nematic domains have been re- 

orted in boundary-free monolayers and on circular patterned pro- 

ein islands by Silberzan and colleagues [17] . In particular, they 

how the alignment pattern of NIH 3T3 cells and C2C12 myoblasts 

both spindle-shaped cells similar to VICs) stabilizes when the cells 

each confluence, and on circular protein islands the aligned re- 

ions span between two facing “+ 1/2 defects” located at 2/3 of the 

adius from the center [17] . In contrast, the groups of aligned VICs 

n our system terminate closer to the edge and can be observed 

n many different locations. Further, the VICs do not stabilize in 

ensity or size over time in culture, rather they proceed to lo- 

al hyperconfluency and subsequently detach from the substrate at 

ater timepoints (multiple days) indicating that high traction forces 

merge from the collective cell behavior. The observed hypercon- 

uency of VICs in our model may have importance in the pathol- 

gy of diseases involving calcification where densification and ele- 

ated cell-cell forces are postulated to play critical roles. 

The goal of this work is to uncover the mechanisms underlying 

he observed heterogeneous collective cell behaviors within mi- 

ropatterned VIC aggregates. Circular stamps are employed to pro- 

ide a uniform radially symmetric global constraint, and relatively 

arge 400 μm-diameter collagen islands were chosen to minimize 

he spanning of single cells across the patterns. We use long-term 

ime-lapse imaging to follow the evolution of individual aggregates 

ver four days as substantial heterogeneity between aggregates has 

een observed even in a single dish of uniformly printed cell is- 

ands. Short-term time-lapse is used to observe cell-cell interac- 

ions in real time and to quantify cell velocity and traction stresses 

n distinct sub-regions over the span of hours. To determine if cells 

ct independently or collectively in response to an imposed global 

timulus, we cyclically stretch aggregates and quantify changes in 

rientation and elongation. As Yes-associated protein (YAP) is im- 
118 
licated in mechanosensing in many cell types [24–27] , we inves- 

igate the relationship between YAP activation and apoptosis stem- 

ing from the collective cell behavior. The knowledge obtained 

rom this study provides further insight into how collective cell 

ehaviors drive biological phenomena that are implicated in many 

evelopmental and pathological conditions. 

. Methods 

.1. Substrate preparation 

Microcontact printed 400 μm diameter circular protein islands 

ere formed by coating plasma-treated and 70% EtOH prerinsed 

olydimethylsiloxane (PDMS) stamps with collagen and placing 

hem onto untreated 22 × 22 mm square coverslips for 1 h; a 50 g 

eight was lightly applied to create uniform pressure on the stamp 

Fig. S1). The collagen solution consisted of 25 μL of 4 mg/mL colla- 

en, 75 μL of 0.1 M acetic acid, 900 μL sodium acetate buffer, and 

odium periodate. Prior to transfer, excess collagen was removed 

rom the stamp using a combination of air drying and nitrogen 

tream. In a subset of experiments, the uniformity of the circular 

ollagen prints was verified with the addition of 1 μL Alexa Fluor- 

88 carboxylic acid, succinimidyl ester (A20 0 0 0, Invitrogen) to the 

ollagen solution for 1 h at room temperature. To determine the 

ffects of island size, we used 200 μm and 600 μm circular pat- 

erns in a subset of experiments. 

Circular collagen patterns were printed onto polyacrylamide 

PA) gels by indirect microcontact printing [21] . Briefly, for each 

ubstrate, 50 μL of PA solution (acrylamide:bisacrylamide (Biorad) 

f percentages of 7.5/0.24 for ∼20 kPa) were pipetted onto an ac- 

ivated coverslip. The coverslips were activated by soaking in 1.5% 

aminopropyl) trimethoxysilane solution for 30 min then in 0.5% 

lutaraldehyde solution overnight at 4 °C and dried completely be- 

ore use. After placement of PA solution on activated coverslips 

n inactivated collagen microcontact printed coverslip was gently 

laced on top. Following 12 min of polymerization of the PA-gel, 

he coverslips were separated by a razor blade. A modulus of ∼20 

Pa was chosen because it is in the range of reported stiffness val- 

es for healthy and diseased valves [ 28 , 29 ]. 

.2. Traction force microscopy 

To quantify the shear stresses that the cells apply to the surface 

f the substrate via traction force microscopy (TFM), 0.2 μm red 

uorescent micro-beads were coated on plasma treated glass cov- 

rslips, allowed to dry, and then applied to the top surface of the 

A gel solution during polymerization. Collagen patterns were then 

tamped onto the PA gel using direct microcontact printing meth- 

ds as previously described [30] . At various timepoints, phase and 

uorescent images were acquired to determine the aggregate bor- 

ers and bead locations, respectively. Cells were then trypsinized, 

nd a reference image of the bead locations was acquired. Dis- 

lacements of the beads were calculated with a custom MATLAB 

ode and input into a finite element model (modulus: 19 kPa; Pois- 

on ratio: 0.4; material property: linear elastic) to calculate the 

tresses on the surface of the gel (ANSYS Inc.) [30] . To calculate the 

otal traction force of an aligned band, the stresses exceeding a cer- 

ain threshold in the “hotspots” at the ends of the band were ex- 

racted using a custom written MATLAB code. Then the sum of the 

tresses multiplied times the areas over which they act were calcu- 

ated and the total force magnitudes for the two opposing hotspots 

n each aggregate were averaged. 
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.3. Dynamic stretching 

To determine the effect of cyclic stretching on the collective be- 

avior in aggregates, PA gels were affixed in each well of a 16-well 

ompliant Elastosil culture plate (CellScale), patterned using indi- 

ect microcontact printing, and seeded with cells. After 24 h post- 

eeding, the substrates were stretched 10% uniaxially at 1 Hz for 

 h using a MechanoCulture FX (CellScale). PA gels were attached 

o the compliant substrate by treating wells with 1.5% (amino- 

ropyl) trimethoxysilane solution for 5 min, drying, and then treat- 

ng with 0.5% glutaraldehyde solution for 5 min. After removing 

he liquid, the wells were dried with nitrogen stream, 4 μL of PA 

ere placed at the bottom of the well and covered with a collagen 

atterned circular 5 mm coverslip. The wells were then transferred 

o a vacuum chamber filled with nitrogen for 45 min to facilitate 

olymerization, then diH 2 O was added to the wells for 30 min to 

romote detachment of the coverslips from the PA gel surface. 

.4. Cell culture and media 

Aortic VICs were isolated from porcine hearts obtained from a 

ocal abattoir (Blood Farm, Groton, MA) using previous protocols 

31] . Porcine VICs are primary fibroblastic cells and were chosen 

s VIC aggregation is implicated in the pathology of CAVD, in ad- 

ition to their similarity to human VICs. VICs at passages 3-6 were 

eeded at 12,500 cells/cm 
2 [21] . In one set of experiments, neona- 

al human dermal fibroblasts (courtesy G. Pins, Worcester Polytech- 

ic Institute) were used with the same passage range, cell density, 

nd culture conditions as VICs. The cells were cultured in DMEM 

upplemented with 10% FBS and 1% Antibiotic/Antifungal at 37 °C 
ith 10% CO 2 . Media were exchanged every 48 h. In cell-cell inter- 

ction inhibition experiments, calcium was depleted from DMEM 

ith 1 mM ethylenediaminetetraacetic acid (EDTA), a concentrated 

eported to not affect cell viability [32] . 

.5. Stable YAP-VIC cell line 

To determine if apoptosis is YAP-dependent, YAP-6A, a constitu- 

ively active version of YAP that cannot be inhibited by LATS, was 

btained from Addgene (#42562), packaged into lentivirus parti- 

les, and transduced into VIC cells. Lentiviral particles were gener- 

ted by transfecting 293T cells with pLX304-YAP-S6A-V5, pSPAX.2, 

nd PMD2.G. After 48 h, the supernatant was collected and filtered 

hrough a 45 μm sterile filter. Viral supernatant was then mixed 

:1 with culture media, added with 1 μg/mL of polybrene (Milli- 

ore), and incubated with VICs overnight. The next day, cells were 

ed with culture media, and after 24 h, cells were selected with 1 

g/mL of Puromycin until all control (uninfected) cells died after 

pproximately 48 h. Expression of the YAP S6A-V5 construct was 

isualized in pooled puromycin-resistant cells through immunoflu- 

rescence using anti-V5 (Invitrogen). 

.6. Imaging and immunohistochemistry 

Individual aggregates were tracked for four days utilizing a mo- 

orized stage and automated position tracking software (Zeiss Ax- 

ovision 4.8.2 SP1) on an inverted microscope (Axiovert 200M, 

eiss) and imaged with phase contrast every 24 h at 10x (Axio- 

am MRm camera; 1.4 MP, 1388 × 1040 pixels). To track individ- 

al aggregates at specific locations, coordinates of each aggregate 

ere saved with respect to a reference point at the top left cor- 

er of the coverslip on each day. Samples were incubated for 30 

in in standard media with CellEvent Caspase 3/7 (1:400, C10423, 

nvitrogen) prior to imaging to observe apoptosis. To quantify cell 

eath in long time lapse imaging experiments > 24 hs, propidium 
119
odide (1:100, P1304MP, Invitrogen) was added to the samples 30 

in prior to imaging. 

YAP staining was completed following published methods 

 33 , 34 ]. VIC aggregates were fixed in 4% paraformaldehyde for 45 

in at room temperature, rinsed twice in PBS, and permeabilized 

sing 0.1% TritonX-100 in PBS for 1 h. Samples were then blocked 

ith 5% bovine serum albumin (BSA) overnight at 4 °C to minimize 

onspecific protein binding. Samples were stained with Anti-YAP 

n 5% BSA (1:250, mouse, sc-398182, Santa Cruz) primary anti- 

ody and incubated for 1 h at room temperature. Samples were 

insed in PBST (0.5 wt% Tween-20 in PBS) two times for 10 min 

ollowing incubation with primary antibody. Samples were then 

ncubated in secondary antibody with goat anti-mouse AlexaFluor 

47 (1:200, A21241, Invitrogen) while counterstained with Alexa 

luor 488 Phalloidin (1:100, A12379, Life Technologies) to visual- 

ze F-actin and Hoechst 33342 (1:200, H3570, Life Technologies) to 

isualize nuclei in 1% BSA for 1 h at room temperature. Samples 

ere rinsed three times for 10 min with PBST, mounted, and im- 

ged using a BioTek Cytation Gen5 inverted microscope. To quan- 

ify YAP activation, the colocalization of YAP and Hoechst signals 

as quantified as nuclear, nuclear/cytoplasmic, or cytoplasmic in 

he hyperconfluent bands identified in phase images. 

To visualize migration of individual cells within the aggre- 

ates, 20% of cells were treated with CellTracker TM Green CMFDA 

ye (5:10 0 0, C2925, Invitrogen) and imaged via fluorescence mi- 

roscopy (Axiovert 200M, Zeiss). Only staining a portion of the 

ells is required so that individual cells can be tracked when cells 

ecome dense. To calculate the mean squared distances (MSD), 

e manually tracked the coordinates each cell’s centroid on each 

rame using ImageJ and calculated the square of the distance 

oved. To visualize the coordinated movement of cells in hy- 

erconfluent aggregates, we performed particle image velocimetry 

PIV) analysis using the PIV tool in ImageJ. 

To visualize if the collagen island remained after aggregates de- 

ached, a subset of samples was fixed and stained with picrosirius 

ed/fast green (120M1516V, Sigma-Aldrich) and imaged with trans- 

itted light and color camera (Cytation 5, BioTek). 

To quantify proliferation, Click-iT TM Plus EdU Cell Prolifera- 

ion Kit for Imaging, Alexa Fluor TM 488 dye was used per manu- 

acturer’s instructions (C10637, Invitrogen). We performed both a 

4 h-long exposure to visualize proliferation over an entire popu- 

ation doubling and a 1-hr pulse experiment for short-term visual- 

zation with minimal migration away from the site of proliferation. 

.7. Quantification of confluency level, cell density, and cell alignment 

To quantify the observed confluency levels in each aggregate, 

he area of the cells in phase images was measured using ImageJ 

nd divided by the total area of the collagen island in the same 

mage. To quantify the average density of cells in different conflu- 

ncy levels, the number of the cells in each aggregate was divided 

y its area. 

To qualify the orientation of aligned cell regions from phase im- 

ges, the aggregates were analyzed with the OrientationJ plugin in 

mageJ to produce color orientation maps. To calculate the percent- 

ge of aligned area, we divided the size of the local aligned area 

i.e., area with the same color) by the total area of the aggregate. 

To quantify the alignment of cells in live cultures before and af- 

er stretch, F-actin was stained using CellMask TM Actin Tracking at 

:10 0 0 dilution (A57249, Invitrogen). As this staining of live cells 

s not as efficient as phalloidin staining of fixed and permeabi- 

ized cells, only a portion of the cells are stained brightly. Further, 

maging through the 400 μm-thick silicone well and the ∼200 μm- 

hick PA gel degrades the quality of the images. Together, these 

imitations make quantification of the stress fiber angular distribu- 

ion problematic; however, as individual cells could be identified 
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learly, we were able to track these individual cells before and af- 

er stretch and quantify their direction and elongation by tracing 

ach stained cell and calculating the angle and elongation of the 

tained fibers with the Directionality tool in ImageJ. 

.8. Statistical Analysis 

Data are presented as mean and standard deviation. One-way 

NOVA was performed to evaluate the significance of cell den- 

ity values between the five different confluency levels. Two-way 

NOVAs were used to assess the significance of cell location (in- 

ide/outside of bands), and inter-aggregate variability on YAP nu- 

lear localization and separately on proliferation. Holm-Sidak post- 

oc tests were used for pairwise comparisons. Student’s t-test was 

sed to evaluate the significance in differences of cell speed be- 

ween confluent and hyperconfluent regions. Paired t-tests were 

sed to evaluate of the significance of changes in the cell orien- 

ation and aspect ratio before and after stretch and to compare 

poptosis levels of YAP activated and control cells. Analyses were 

ompleted in SPSS, and a p-value of less than 0.05 was considered 

tatistically significant. 

. Results 

.1. Aggregates have variable rates of progression towards confluency 

Across the span of 4 days, 53 aggregates were tracked follow- 

ng initial seeding. On the 400 μm-diameter collagen islands con- 

aining 50-300 cells, cells migrate, proliferate, and fill the islands 

t varying rates. As the density of cells was variable within each 

ggregate, we manually categorized aggregates in terms of conflu- 

ncy level and measured the percentage of the island area that 

s covered with cells ( Fig. 1 A). In the "sparse" stage, relatively 

arge regions of islands are visible between cells and coverage is 

0.0 ±9.0%. In the "preconfluent" stage, cells fill most of the cir- 

ular area (89.6 ±5.1% coverage) and only small areas of the sur- 

ace are visible. At the "confluent" stage, cells cover almost the en- 

ire area (95.6 ±1.7% coverage), and cell density is approximately 

niform. The "hyperconfluent" stage is characterized by regions 

n which cells are highly dense and rounded, although there are 

till small gaps in some aggregates (97.3 ±0.8% coverage). In the 

self-detached" stage, highly dense areas are formed when portions 

f the aggregate pull away from the culture surface. The average 

ell density correlates with the confluency level (Supplemental Fig. 

2A), although there is not a one-to-one correspondence due to 

he heterogeneity within each aggregate e.g., some aggregates with 

ighly dense regions are categorized as hyperconfluent yet have an 

verage cell density in the confluent range. 

To account for potential inconsistencies in initial seeding, we 

et the preconfluent level to be "time zero." Despite this data shift, 

e still observe substantial variability in how long it takes aggre- 

ates to progress through confluency levels ( Fig 1 C). The major- 

ty of aggregates progress from preconfluent to confluent within 

2 h (as indicated by the thickness of the line). Note that the ag- 

regate shown in Fig. 1 A corresponds to a line in Fig. 1 C where

very 24 hours the level of confluency moves one higher. Rather 

han seeding density, it appears that banding plays a predominate 

ole in variability in timing. Aggregates with a high area of align- 

ent ( > 30% on average) of the cells in sparse level on Day 1 de-

ach by Day 4, whereas those with a lower percentage area aligned 

 > 20% on average) do not. The percentage of area aligned is signif-

cantly higher in the prior group on each day of culture (ANOVA, 

 < 0.05; Supplemental Fig. S2). These multicellular bands can be 

bserved more clearly in phase imaging following fixation when 

ndividual cells separate due to the dehydration process, and fluo- 
120 
escent staining shows continuous F-actin structures spanning re- 

ions with high numbers of nuclei ( Fig. 1 D). 

.2. Local hyperconfluency occurs following band formation 

Despite the simple circular shape of the collagen islands, few 

ggregates had the expected radially symmetric patterns with cir- 

umferential alignment at edges and isotropic cells in the cen- 

er (see Fig 2 A right column for example). Even these relatively 

ymmetric aggregates (e.g., Fig. 2 A, 4th column) exhibit short re- 

ions of aligned cells at intermediate timepoints ( Fig. 2 A, 2nd and 

rd columns) which become hyperconfluent in the central region 

ut do not span the entire aggregate and thus do not self-detach. 

n most aggregates, multicellular banding was observed disrupting 

he radial symmetry, even at early timepoints ( Fig. 2 B left panels). 

fter 4 days of culture, pronounced hyperconfluent bands were ob- 

erved in all aggregates ( Fig. 2 B right panels). If banding is pro-

ounced at the preconfluent stage ( Fig. 2 C left panels), the band 

ecomes highly dense within 24 h and leads to self-detachment of 

ells from the substrate at the two endpoints of the banded region 

 Fig. 2 C right panels, Fig. S2F). 

In the majority of aggregates, bands form a straight line from 

ne edge of the aggregate to the other. Less often the bands are 

urved, only span a small internal region, or connect into triangu- 

ar patterns (Supplemental Fig. S3). Most bands eventually lead to 

ome degree of self-detachment within the 4-day culture period. 

.3. Banding occurs regardless of aggregate size 

In previous studies, we microcontact-printed 200 μm-diameter 

rotein islands and observed VICs forming confluent aggregates 

ith cells generally oriented circumferential at the edges but 

ighly heterogeneous orientation and cell area in the central re- 

ion [22] . In this study, we used 400 μm-diameter to minimize the 

edge effect," yet we still observed highly heterogenous structures 

ithin most aggregates. To further lessen the proximity to the 

dges, 600 μm-diameter islands were created, and similar hyper- 

onfluent bands formed in these large aggregates as well ( Fig. 3 ). 

his finding, in conjunction with our time-lapse studies where 

ells aligned with individual elongated cells in aggregate centers, 

ndicates that bands are not forming by cells interacting with the 

dges. To determine if this behavior is unique for VICs, we cul- 

ured primary human dermal fibroblasts on 400 um islands, and 

e observed similar banding and hyperconfluency (Supplemental 

ig. S4). 

.4. Cells migrate to connect with bands and then move in 

oordination 

To better understand how cell migration plays a role in band 

ormation, we performed 4.5 h time-lapse imaging of aggregates 

ith approximately 20% of cells fluorescently labeled so that indi- 

idual cells could be tracked. Following 162 cells, we observed that 

ells in relatively sparse regions moved independently, whereas 

ells within bands moved coherently (Fig. S5). The vast majority of 

ells ( ∼96%) remain within their respective regions (sparse, band, 

r edge) over the 4.5 hours (Supplemental Movie M.1). Five cells in 

parse regions merged with bands and one cell joined a band from 

he edge. Four cells from relatively sparse regions joined the ring 

f aligned cells along the edge in the absence of any band. The be- 

aviors of cells in different regions were qualitatively different; the 

ells in sparse regions migrated relatively independently whereas 

he cells in hyperconfluent regions oscillated in sync. Quantita- 

ively, the mean squared displacement is lower in the hypercon- 

uent regions than the less confluent regions (Supplemental Fig. 

6), yet the average speed in less dense regions (8.2 ± 0.8 μm/h) 
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Fig. 1. The progression between levels of confluency varies in time from aggregate to aggregate. A) Time-lapse of the same aggregate over 4 days showing the evolution of 

its confluency starting sparce 24 h after seeding, proceeding to confluent at day 2, hyperconfluent on day 3 ( ∗ indicates high density region), and finally self-detachment 

on day 4 (arrow indicate regions detached from substrate). B) Orientation analyses by OrientationJ in ImageJ show the progression of aligned areas across an aggregate. C) 

Plot of levels of confluency versus time adjusted to time when each particular aggregate reached the preconfluent level to remove variability in initial seeding in a single 

dish ( n = 53 aggregates; thickness of lines indicates number of aggregates following a given path as indicated in the legend). The majority of aggregates take 12 h to reach 

confluency, yet there remains high variability in confluency rates from preconfluent to higher levels of confluency after removal of heterogeneity in initial seeding (see other 

examples in Fig. 2 and Supplemental Fig. S2). D) Local clustering of aligned cells forms banding and hyperconfluent regions. F-actin staining (green) shows the direction of 

the band, and high density of nuclei (blue) demonstrates hyperconfluency. The phase image in panel D (gray) was captured after fixation and permeabilization which creates 

spaces between cells not seen in live imaging in panel A. Scale bar = 200 μm. 

i

1

a

fl

i

t

s

g

r

i

l

s

t

i

g

o

g

m

p

t

3

h

i

[  

a

t

p

(

p

r

s not significantly different than in hyperconfluent regions (7.1 ±
.5 μm/h, t-test, p = 0.07). 

To understand the events leading to band formation, we imaged 

ggregates every 30 minutes over 24 hours. Cells under lower con- 

uency levels display a fluid-like behavior with edge cells rotat- 

ng around the circumference and internal cells beginning to align 

o one another and forming bands, shown by orientation analy- 

is by OrientationJ (Supplemental Movie M.2A). As confluency pro- 

resses, motility within aggregates decreases and cell migration is 

elatively uncoordinated (Supplemental Movie M.2B). Finally, dur- 

ng hyperconfluent stages, cells move back and forth together with 

imited migration similar to an oscillation (shown by PIV analy- 

is in Supplemental Movie M.2C). Cell proliferation is observed in 

he phase images at all confluency levels with less proliferation 

n hyperconfluent regions. Propidium iodide staining at the be- 

inning of time-lapse experiments suggests that a small amount 

f apoptosis occurs throughout sub-confluent and confluent ag- 

regates, whereas the extent of cell death is much higher in the 

t

121
iddle of hyperconfluent bands. The propidium iodide signal dissi- 

ates with time due to photobleaching so is only seen at the early 

imepoints. 

.5. Proliferation occurs throughout aggregates but decreases in 

yperconfluent regions 

In contrast to studies showing proliferation of cells predom- 

nantly at the edges of constrained epithelial cell monolayers 

 10 , 25 , 35 , 36 ], we observe proliferation throughout our confluent

ggregates. Images from 1 h EdU pulse experiments show no dis- 

inct radial pattern of proliferation ( Fig. 4 A) even when images of 

ositive cells from multiple aggregates are binarized and stacked 

 Fig. 4 B). The 24 h EdU exposure experiments further indicate less 

roliferation in hyperconfluent bands ( Fig. 4 D, 4 E). 

A two-way ANOVA was performed to analyze the effect of 

egion (hyperconfluent or other regions) and heterogeneity be- 

ween aggregates (treating aggregates as separate realizations) on 
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Fig. 2. Three examples of different time courses of confluency progression in aggregates. A) Aggregate with relatively uniform cell distribution exhibiting circumferentially 

aligned cells around the edge and high density in the center by day 4 but no banding or self-detachment. B) Aggregate with formation of band starting day 2 and leading 

hyperconfluency by day 3 and slight self-detachment by day 4. C) Aggregate with banding occurring early which proceeds to hyperconfluency and self-detachment by day 3. 

Banding of aligned cells is highlighted in orange color, ∗ indicates high density region, and arrows indicate regions detached from substrate. Scale bar = 200 μm. 
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roliferation. The proliferation rate is significantly lower in the 

yperconfluent region than other regions ( p = 0.02, df = 1, F 

alue = 50.6). There were no significant differences between ag- 

regates ( p = 0.91). 

.6. Local hyperconfluency is inhibited by depleting calcium 

To test whether band formation is driven by intercellular force 

ransmission, we decreased cell-cell adhesion by precipitating cal- 

ium from the cell culture medium. After four days in culture, 

he last two of which were in calcium-free media, hypercon- 

uent regions did not form, and we did not observe any self- 

etachment ( Fig. 5 B). The concentration of cells is approximately 

080 cells/mm 
2 , which falls in the category of preconfluent to con- 

uent as shown in Fig. S2A. However, local regions of cell align- 

ent were still observed. This local alignment may have been 

stablished in the first two days of culture in standard medium 

 Fig. 5 A) which is necessary for forming aggregates as proliferation 

s calcium dependent [37] . When the EDTA was added 24 h post 

eeding, some of the cells in the middle remain aligned; however, 

he confluency did not progress within the 4 days of the experi- 

ent ( Fig. 5 C), thus this earlier depletion of calcium was not used 

or the final experiments. 

.7. Hyperconfluent bands increase local traction forces 

Unlike traction stress maps for homogeneous aggregates in 

hich the traction is high and relatively uniform at the edges 
122 
10] , we observe that the bands accentuate the traction stresses 

t their endpoints ( Fig. 6 ). When aggregates are preconfluent, trac- 

ion “hot spots” are relatively low then become much higher when 

arge hyperconfluent bands form. For example, for the representa- 

ive preconfluent aggregate shown in Fig. 6 A & B, the total trac- 

ion force at the end of the band is 21.3 μN (averaged between 

he two hotspots) compared to 118.0 μN for the band in the rep- 

esentative hyperconfluent aggregate shown in Fig. 6 C & D. Anal- 

sis of the principal stress vector directions indicate that stresses 

re highly anisotropic and predominantly in the direction of bands 

 Fig. 6 insets 1-4; full vector fields are provided in Supplemental 

ig. S6). Time-lapse traction stress maps show that stresses dynam- 

cally change in magnitude and location over 4.5 h with cell move- 

ent, but peak traction stresses remain at the band ends (Sup- 

lemental Movie M.3). Loss of ECM staining in detached regions 

Supplemental Fig. S7) indicate that the high traction stresses at 

he ends of the bands lead to self-detachment by exceeding the 

trength of the collagen-PA substrate bond/entanglement. 

.8. Cytosolic YAP indicates low tension in hyperconfluent bands 

Despite measurement of high traction stress at the ends of the 

ands, biological markers consistent with a low stress environment 

uch as high cell density, low spread area, and apoptosis indicate 

ow tension within the hyperconfluent bands. As an indirect mea- 

ure of cell stress, we stained for YAP, a mechanosensitive protein 

hich is shuttled preferentially to the nucleus under high tension 
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Fig. 3. Banding and hyperconfluency occurs independent of aggregate size as observed in A) 200 μm, B) 400 μm, and C) 600 μm day 4 aggregates. Banding is highlighted 

by dashed orange rectangle and ∗ indicates high density region. Lower panel show the orientation analysis by OrientationJ in ImageJ. Scale bar = 200 μm. 
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nd remains cytosolic in low tension environments [25] . In our ag- 

regates, cells inside of bands have more cytosolic YAP ( Fig. 7 B, in-

et 1) compared to cells outside of bands, which have more nuclear 

AP ( Fig. 7 B, inset 2). At band endpoints, where cells are more 

longated, YAP is predominantly nuclear ( Fig. 7 B, inset 3). We did 

ot observe any purely cytosolic YAP. 

Quantification of nuclear (N) and nuclear/cytosolic (N/C) YAP in 

he center, end of bands, and non-banded regions was performed 

or four confluent aggregates ( Fig 7. C). There was no purely cytoso- 

ic YAP observed. The remaining 37 stained aggregates had pro- 

ounced hyperconfluent bands in which this analysis was not pos- 

ible due to difficulty in distinguishing individual nuclei. A two- 

ay ANOVA was performed to analyze the effect of the region with 

espect to bands and heterogeneity between aggregates (treat- 

ng aggregates as separate realizations) on YAP deactivation. The 

AP nuclear localization is significantly lower in the central region 

 p = 0.001, df = 2, F value = 24.4). There are no significant differ-

nces between different aggregates ( p = 0.24). 

.9. Apoptosis increases in high density regions in a YAP-dependent 

anner 

As reported above, in time-lapse videos with PI staining (Sup- 

lemental Movies M.2A, B, C), we observe a low incidence of cell 

eath throughout aggregates except within hyperconfluent regions. 

e confirmed that this cell death is likely due to apoptosis by 

taining for cleaved caspase 3/7. Within the first 24 h after precon- 
123 
uency, approximately 20% of aggregates show a caspase positive 

ignal indicating apoptosis. Most caspase-positive aggregates are 

onfluent aggregates as few hyperconfluent aggregates are present 

t this time ( Fig. 8 ). At 24-48 h after preconfluency, almost half of

he aggregates show caspase activity, and most of these aggregates 

re hyperconfluent. At 48-72 h after preconfluency, nearly all ag- 

regates show a positive caspase signal with the majority having 

etached from the surface. 

As cytosolic YAP is not observed in sparse regions with low 

revalence of apoptosis, we sought to determine if YAP activation 

i.e., translocation to the nucleus) is sufficient to inhibit apopto- 

is. We stably expressed activated YAP in VICs and cultured them 

n circular collagen islands until hyperconfluent (but prior to self- 

etachment). Compared to control VICs ( Fig. 9 A), we observe a dra- 

atic decrease in apoptotic activity in VICs with constitutively ac- 

ive YAP ( Fig. 9 B). The observed decrease is statistically significant 

paired t-test, p < 0.001). 

.10. Cells in bands reorient towards stretch but not completely 

To examine the response of cells to external loading, we applied 

0% cyclic uniaxial stretch for eight hours at 1 Hz frequency. Due to 

he heterogeneity of band locations, we tracked 38 individual ag- 

regates before and after stretch rather than averaging overall cell 

ehavior between aggregates. Actin fibers were observable with a 

ive stain taken up by cells and imaged in compliant stretch wells 

ithout fixation; thus, since not all cells were stained equally, we 
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Fig. 4. Proliferation occurs throughout confluent aggregates and less in high-density regions. A) Representative aggregate after 1 h pulse staining for proliferation with 

EdU. B) Overlay of binarized images of proliferation for 4 different aggregates after 1 h EdU pulse shows proliferation throughout confluent aggregates. C) Frequency of 

proliferation averaged over 4 aggregates at specific radii shows proliferation is not limited to the edge. D) Representative phase image of a fixed and permeabilized aggregate 

with a hyperconfluent region (orange outline). E) After 24 h EdU exposure, proliferation occurs throughout the aggregate but is less prevalent in hyperconfluent region. F) In 

the hyperconfluent regions, the proliferation is significantly lower than the other regions (two-way ANOVA p = 0.02, n = 599 cells from 3 aggregates). Fluorescent images 

are merged Hoechst (blue) and EdU (green) images. Scale bar = 200 μm. 
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anually tracked and quantified the morphology of 56 individual 

ells within those aggregates before and after stretch. 

In general, the cells reorient towards the direction of stretch 

ut are not able to completely reorient to the stretch axis, and 

he extent of cell reorientation depends upon initial angle of the 

ands. For cells inside bands originally aligned within ±15 ° of 

he direction of stretch ( Fig. 10 A, circled cells), the alignment 

f the cytoskeleton becomes more pronounced, and the cells do 

ot reorient in a detectable manner (from 5.2 °±7.9 ° to 2.7 °±3.2 °, 
 = 0.45, n = 9). The aspect ratio of these cells in the direction of

tretch increases significantly from 3.7 ±1.4 to 6.3 ±3.2 (p = 0.04). 

hen bands are at a moderate angle (15 ° to 45 °) relative to the 
tretch direction, cells reorient significantly towards the direction 

f stretch but not fully, from 28.0 °±13.2 ° to 18.4 °±13.8 ° (p = 0.001,

 = 23), and aspect ratio trends higher from 2.5 ±0.7 to 3.0 ±1.3, but

he change is not significant ( p = 0.53) ( Fig. 10 B, Supplemental Fig.

10A). When bands are at a large angle relative to the stretch di- 

ection, initially at 45 ° to 90 °, a subset of cells reorient towards 

he stretch direction significantly from 59.1 °± 8.8 ° to 30.0 °±18.3 °
p = 0.003, n = 9), whereas in others the cytoskeleton is disrupted, 

nd the cells appear more rounded and the orientation was not 

uantified ( Fig. 10 C, Supplemental Fig. S10B). 

Cells on island edges that align with the global circular con- 

traint and are in the direction of stretch (top and bottom of 

he images) are relatively stable and do not reorient in a de- 

ectable manner (from –2.5 °±16.0 ° to 1.8 °±12.0 °, p = 0.30, n = 16).

onversely, for cells that align to the edges that are perpendicular 

o the stretch (left and right sides of the images), the cytoskele- 

ons are disrupted thus the reorientation of the perpendicular cells 

ould not be quantified ( Fig. 10 B, 10 C); this cytoskeletal disruption 

as observed in 20 of the 24 tracked aggregates where perpendic- 

lar cells were observed at the edges at prestretch. 
124 
. Discussion 

Collective cell interactions drive distinct spatial patterning of 

ell behavior in monolayers of cells within confined geometries. 

hese emergent patterns correlate strongly with predicted me- 

hanical stress fields indicating a regulatory role of mechan- 

cs. Here, we extended studies conducted primarily on epithelial 

onolayers to more contractile and less contact inhibited primary 

broblastic cells. We analyzed the evolution of VIC confluency on 

ircular micropatterned protein islands over a period of days, a 

ong duration which is relevant for disease modeling. We aimed 

o determine how observed heterogeneities in spatial patterning 

re influenced by interactions between neighboring cells and un- 

er the influence of the circular global constraint to determine the 

elative effects of local and global collective behaviors. In contrast 

o previous reports of radially symmetric cell alignment, prolifera- 

ion, and differentiation of epithelial cells and cell lines in circular 

nd annular patterns [ 6 , 7 , 9 , 35 ], we observe that primary porcine

ICs and human dermal fibroblasts align locally and form hyper- 

onfluent bands spanning the circular patterns due to local cell-cell 

nteractions, and this local alignment occurs regardless of pattern 

iameter (20 0-60 0 μm). 

The banding behavior bears similarity to local collective behav- 

ors reported in unconstrained fibroblast monolayers from a vari- 

ty of sources [38–40] . VICs, like other spindle-shaped cells, evolve 

rom a roughly isotropic state to an aligned nematic state as they 

roceed from sparce to confluent in 2D culture. Well-ordered ne- 

atic domains are disrupted by topological defects at high cell 

ensity and, when cultured on circular islands, create bands that 

pan the majority of the diameter [17] ; however, in contrast to cell 

ines such as NIH 3T3 and C2C12 cells [17] , VICs form bands that 

an terminate closer to the edges of the patterns than predicted 
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Fig. 5. Inhibiting cell-cell adhesion via calcium depletion prevents hyperconfluency, although banding is still observed. A) A day 2 aggregate before the addition of EDTA 

(1 mM) shows prealignment of the cells. B) The same aggregate on day 4 after 2 days in a calcium-depleted medium shows aligned cells in a band; however, the cells are 

not tightly contacting, and hyperconfluent regions are absent. The dashed orange rectangle highlights banding. C) Representative image of an aggregate with the addition of 

EDTA 24 hs post-seeding. No confluent aggregates were observed after 4 days of culture with this treatment; however, alignment of the cells in the middle remains. Scale 

bar = 200 μm. For control images, see Fig. 1 as the conditions of the experiments for Fig 1 and Fig 5 are the same with exception on EDTA addition. 
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or these characteristic defects, possibly due to the large size of 

he VICs relative to the pattern size and myofibroblast-like con- 

ractile behavior. More importantly, VIC and HDFs proceed to local 

yperconfluency that is not predicted by the physics and nematic 

omains or observed for the cell lines, likely due to lower sensi- 

ivity to contact inhibition for these primary cells. The formation 

f hyperconfluent regions has biological ramifications in diseases 

nvolving increased rates of proliferation and apoptosis. 

The asymmetric locations of bands largely explain the variabil- 

ty in patterns of proliferation, migration, and density observed in 

hese aggregates. The formation of these highly aligned multicel- 

ular bands soon after seeding is correlated with self-detachment 

ithin 4 days of culture resulting in aggregate-to-aggregate het- 

rogeneity within a single dish of identical collagen islands. Self- 

etachment and further nodule formation have been induced and 

tudied in the context of dewetting behavior of the epithelial 

ells [41] . Dewetting is affected by E-cadherin adhesion, which 

nfluences the tissue mechanical properties and forces that later 

ould alter the shape of the confined sizes aggregates, e.g., self- 

etachment [41] . In the current study, self-detachment was the 

ndpoint of our analysis, and we did not investigate further into 

odule formation. These observations, along with traction force 

nd time-lapse migration measurements, indicate that VICs exhibit 

trong local collective behavior that disrupts the emergent behav- 

or emanating from the circular constraint of the islands. Such re- 

ional changes in cell shape, number, and confluency should be 

onsidered in the mechanical analysis of multicellular systems, es- 

ecially for primary fibroblastic cells. 
125 
Non-uniform stress fields that emerge from transmission of 

orces between cells have been postulated as the driver of cell 

lignment and collective behavior in constrained cell islands 

 9 , 10 , 35 ]. In contrast, our short-term (4.5 h) time-lapse imaging

hows that the cell alignment that drives the formation of bands 

s initiated by a few local cells migrating to and aligning with 

ighly elongated spindle-shaped cells. Rather than acting individ- 

ally until confluent as seen in epithelial cells [42] , VICs often 

lign with each other within the patterns at the preconfluent stage. 

his local collective behavior may occur due to cells sensing the 

nisotropic displacement of the underlying PA gel generated by the 

ell [43] and/or by contact guidance provided by adjacent elon- 

ated cells. This behavior occurs regardless of aggregate size up to 

00 μm diameter indicating that the banding is not formed due 

dge effects, i.e., cells do not attach to two points on the circular 

dge and elongate to span the island. We show that the banding 

lso occurs with primary dermal fibroblasts. Sun and colleagues 

eport that primary rat embryonic fibroblasts align radially at the 

dge of similar protein islands, and the central cells are smaller 

nd more dense than edge cells, although without banding [16] . 

his heterogeneous morphology is stark contrast to the patterns 

bserved for NIH3T3 and osteoblast-like MC3T3-E1 cell lines which 

xhibit uniform spread area throughout the constrained monolay- 

rs and circumferentially aligned cells at the edges and less elon- 

ated cells in the center [ 7 , 16 ]. Together, these results indicate that

or the relatively large and contractile primary fibroblastic cells 

tudied herein, the strong local collective behavior disrupts the 

lobal circular constraint that drives the radially symmetric emer- 
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Fig. 6. Heterogeneous traction stress fields are produced by alignment and banding of cells and peak stresses increase with cell density. A) Phase image of a preconfluent 

aggregate shows initial alignment of cells. B) TFM analysis of the preconfluent aggregate shows low magnitude stress hotspots at ends of aligned cells with inward direction 

of applied stress (insets 1 & 2). C) Phase image of a hyperconfluent aggregate shows strong banding. D) TFM analysis of the hyperconfluent aggregate shows high magnitude 

stress hotspots with inward direction of applied stress (insets 3 & 4). Scale bar = 200 μm. 
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ent collective behavior of other cell types cultured on circular pat- 

erns. 

The long-term (24 h) time-lapse videos clearly show that even 

hen hyperconfluent, confined VIC cell layers are not static or 

jammed" as observed for high-density epithelial monolayers [44–

6] . We observe synchronized circumferential collective migration 

t the edges of preconfluent and confluent VIC aggregates as well 

s substantial collective movement in the center along the multi- 

ellular bands. Similar collective cell migration is observed in ep- 

thelial monolayers on small (10 0-20 0 μm) circular islands, and 

ortices of local collective migration are observed in the central re- 

ions of larger islands (50 0-10 0 0 μm) [42] . The average cell speed

as not significantly lower in hyperconfluent regions than in less 

onfluent regions. Although this result is not consistent with the 

ommon finding that collective cell migration speed has an inverse 

orrelation with cell density [ 42 , 47 , 48 ], the motion of the cells in

he bands appears qualitatively different in that it is less persistent 

n direction and more fluctuating; indeed, the MSD is significantly 

ower in hyperconfluent regions than less confluent regions. 

The progression of bands to hyperconfluency appears to be 

riven by cells migration to and joining aggregates rather than 

roliferation within the bands. EdU staining and cell morpholog- 

cal features in time-lapse videos show that proliferation occurs 

hroughout the aggregates but is less prevalent within the hy- 

erconfluent regions. Previous experiments with long EdU pulses 

8 h) show EdU staining throughout similar constrained monolay- 
126 
rs (mouse MSC cell line) with a decrease in proliferation with 

ell density [49] . In contrast, many studies of constrained ep- 

thelial monolayers report proliferation occurring predominantly at 

he edges corresponding to strong cell alignment and high trac- 

ion forces [ 6 , 35 , 36 ]. Utilization of low Ca 2 + media, shown to dis-

upt cell-cell interactions and subsequently the traction and cell 

lignment at the edges of cell aggregates [ 16 , 50 ], did not in-

ibit the alignment of cells into bands across our aggregates but 

id stop the bands from progressing to hyperconfluency and self- 

etachment. However, the results should be interpreted carefully 

s the initial cell alignment occurred in the 48 hours prior to de- 

leting calcium from media ( Fig. 5 A), and decreased proliferation 

ates in low-calcium media may contribute to the lower cell den- 

ity [37] . Regardless, the results demonstrate that removing cal- 

ium from the media does not reverse the local collective behavior 

r fully block VIC proliferation. 

The hyperconfluent bands produce high, localized traction 

tresses at their endpoints. In contrast, in previous studies with 

onfluent islands of epithelial cells and cell lines that are not 

ighly motile [51] , traction stresses are highest and roughly uni- 

orm at the edges, and the predicted cell-layer stresses increase 

rom the edge to the center [ 9 , 10 , 25 , 52 , 53 ]. Time-lapse TFM

eatmaps demonstrate that the magnitudes of traction stress vary 

ith time but are consistently located at band endpoints and are 

irected inward indicating high traction forces at each end. Trac- 

ion stresses increase as bands progress from confluent to hyper- 
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Fig. 7. A greater proportion of cytosolic YAP is observed in the center of hyperconfluent bands than at the ends. A) Phase image of fixed, permeabilized, fluorescent images 

of F-actin, nuclei, and YAP in a hyperconfluent aggregate exhibiting banding (dashed orange box). B) YAP/Hoechst merged image shows mixed cytosolic/nuclear YAP in the 

hyperconfluent center (inset 1), outside of the band (inset 2), and nuclear YAP at the endpoint of the band (inset 3). Arrows point to examples of cytosolic/nuclear YAP, and 

arrowheads point to examples of nuclear YAP. C) . ∗ p < 0.001 from two-way ANOVA, n = 615 cells from 4 aggregates. Scale bar = 200 μm. 

Fig. 8. Apoptosis increases with culture time. A small proportion of confluent ag- 

gregates have apoptotic cells at the early timepoint, whereas as the majority of ag- 

gregates become hyperconfluent and self-detached an increasing proportion exhibit 

apoptosis ( n = 53 aggregates). 
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127 
onfluent and eventually lead to the detachment of portions of the 

ggregates from the substrate when the collagen/substrate bond 

trength is exceeded. 

Despite the high total force at the ends of the bands, the bio- 

ogical markers examined suggest a low stress environment inside 

f the bands (as discussed below). Unfortunately, it is not feasible 

o calculate the stress or force per cell in the bands as they are not

niaxial cables attached only at the ends. The interactions with the 

djacent cells are not known and there are additional (albeit low 

agnitude) traction stresses below the bands. In theory, mono- 

ayer stress microscopy (MSM) could be used to calculates the in- 

lane stresses of the cells throughout the aggregate from the trac- 

ion stress maps; however, MSM assumes homogenous contractile 

nd mechanical properties throughout the cell layer. We have pre- 

iously shown that these calculations are not accurate for hetero- 

eneous cell aggregates without incorporating the local cell prop- 

rties which are not known for the banded aggregates [22] . 

Cells in hyperconfluent regions have smaller areas and cytosolic 

AP; markers that are characteristic of cells in low-stress environ- 

ents such as when cultured on soft substrates or on small protein 

slands that constrain spreading [ 25 , 26 , 54 , 55 ]. In contrast, cells at

and endpoints have more nucleated YAP similar to that observed 

or single cells on unpatterned stiff substrates [56] and for con- 
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Fig. 9. Apoptosis is decreased significantly by YAP activation. A) The portion of aggregates positive for caspase in control VICs decreases from the center to edge. Image 

of a single aggregate stained for cleaved caspase-3/7 (top inset; green, dotted line indicates aggregate edge) and heat map for average caspase-3/7 intensity (bottom inset, 

n = 24 aggregates from 3 replicates). B) The portion of aggregates positive for caspase in VICs with constitutively active YAP decreases from center to edge. Image of a 

single aggregate stained for cleaved caspase-3/7 (top inset; green, dotted line indicates aggregate edge) and heat map for average caspase-3/7 intensity (bottom inset, n = 23 

aggregates from 3 replicates). Scale bar = 50 μm. 

Fig. 10. Dynamic stretch reinforces F-actin alignment for cells in the direction of 

stretch and disrupts the cytoskeleton of cells aligned away from the stretch axis. A) 

Representative example of cells within a band roughly in the direction of stretch 

where the F-actin is intensified, and the cells are elongated after stretch. B) Repre- 

sentative example of cells within bands that are oriented within 45 ° of the stretch 
axis showing reorientation towards the direction of stretch. C) Representative ex- 

ample of a highly elongated cell within a band oriented greater than 45 ° from the 

stretch axis becoming more rounded and reorienting towards the stretch direction. 

Panels B and C also show that cells aligned along the edge perpendicular to the 

stretch direction retract (orange arrows). For all panels, F-actin of live VICs was 

stained with CellMask TM Actin before and after application of 10% uniaxial stretch 

for 8 h at 1 Hz; brightly stained cells inside of bands are outlined by ellipses to 

show change in orientation and elongation. Scale bar = 200 μm. 

fl

i  

g

m

t

p

[  

s

t

e

t

t

a

l

p

c

i

t

p

s

[

t

f

d

s

I

e

[  

w

i

t

t

a

w

t

o

s

o

b

g

h

b

s

128 
uent primary fibroblasts on protein islands [16] . Apoptosis, which 

s also associated with low cell stress [ 57 , 58 ], increases as aggre-

ates progress to hyperconfluency. Consistent with this result, al- 

ost every aggregate that can no longer generate substantial trac- 

ion due to being partially detached from the substrate is caspase 

ositive. As YAP enhances the transcription of pro-survival genes 

 27 , 59 , 60 ], we wondered if YAP plays a defining role in apopto-

is in VICs. We found that constitutively activating YAP substan- 

ially decreases apoptosis consistent with findings from studies of 

pithelial cell lines [61] . While high traction stresses measured at 

he ends of the bands seem contradictory with low stress within 

he bands, it is possible that the high force in the band is gener- 

ted/transmitted by many cells in parallel, i.e., high total force but 

ow force per cell. This interpretation is consistent with our com- 

utational model of circular cell aggregates with radially increasing 

ontractility from the center to the edge which predicts low stress 

n the central region despite high traction stresses transmitted to 

he substrate at the edges [22] . 

To further investigate the state of stress in the bands, we ap- 

lied cyclic uniaxial stretch to confluent aggregates. Under the as- 

umption that cells attempt to reach a homeostatic stress level 

62] , we postulated that if cells within the bands were under high 

ension, they would reorient away from stretch to regain their pre- 

erred stress level, whereas if cells were confined due to high cell 

ensity and not able to generate their preferred level of homeo- 

tatic tension, they would spread out and reorient towards stretch. 

solated VICs [30] and other fibroblasts cultured on stiff substrates 

xhibit strain avoidance [63–66] as do epithelial/endothelial sheets 

 67 , 68 ]. In contrast, when cells are cultured on collagen gels [69] ,

ithin low density soft collagen gels [ 70 , 71 ] or when contractil- 

ty is inhibited [68] , cells reorient towards stretch. Consistent with 

he low stress interpretation, we observed that VICs within bands 

hat are already oriented towards the direction of stretch elongate 

nd have more pronounced and aligned cytoskeletal arrangement, 

hereas cells within bands roughly perpendicular to stretch re- 

racted or reoriented towards the direction of stretch. We did not 

bserve increased aggregate detachment with stretch which also 

uggests low stress in the aggregates. Cyclic (equibiaxial) stretch 

f VIC monolayers, in combination with TGF-beta treatment, has 

een shown to potentiate cell detachment and formation of aggre- 

ates [72] . As we presumed that edge cells were under relatively 

igh circumferential stress due to their elongated morphology and 

ased on computational model predictions of high circumferential 

tresses at the edges of constrained monolayers [7] , we expected 
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hese cells to reorient away from the stretch direction. Instead, 

e observed that the cells which were parallel to the direction of 

tretch maintained their elongation, and cells that were perpen- 

icular to the direction of stretch retracted and/or reoriented away 

rom the stretch direction. Cyclically stretched epithelial (MDCK) 

ells have been shown to increase their polarization (aspect ratio) 

hen aligned around a "wound" edge in a monolayer model with 

 hole (essentially the inverse of our "island" system) consistent 

ith the behavior we observe for cells aligned with the stretch 

xis, but the retraction of edge cells perpendicular to stretch has 

ot been reported [73] . It is possible that the aligned bands in our

ystem disrupt the emergent radial-symmetric stress field result- 

ng in relatively low stress in edge cells, thus these cells reorient 

n the stretch direction to increase their stress towards a homeo- 

tatic level or to minimize shear stress [74] . 

. Conclusion 

Our results indicate that cell alignment and subsequent local 

ollective behavior leads to substantial heterogeneity between and 

ithin constrained monolayers of primary fibroblastic cells. Multi- 

ellular bands are formed by cell-cell interactions locally. As cells 

ecome more dense within the bands, YAP becomes excluded from 

he nucleus and apoptotic rates increase. These findings suggest 

hat strong local cell-cell interactions between primary fibroblastic 

ells can disrupt the global collective cellular behavior; this local 

ollective cell behavior may play an important role in development 

nd disease of connective tissues. 

The findings of this research are specifically crucial in the 

iology of VICs, as there is less information on their behavior 

ompared to other cell types such as epithelial cells and fibrob- 

ast/myoblast cell lines. The mechanical environment of VICs is hy- 

othesized to contribute to diseases such as calcification. In this 

esearch, we showed that emergent behavior arising from cell-cell 

nteractions may be as important as the external mechanical envi- 

onment of VICs on their behavior. 
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