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ABSTRACT During metastasis, cancer cells navigate through a spatially heterogeneous extracellular matrix (ECM). Physical
properties of ECM, including the degree of confinement, influence cell migration behavior. Here, utilizing in vitro three-dimensional
collagenmicrotracks, we demonstrate that cell-ECM interactions, specifically the degree of spatial confinement, regulatemigratory
behavior. We found that cells migrate faster when they are fully confined, contacting all four walls (top, bottom, and two sides) of a
collagenmicrotrack, comparedwith cells that are partially confined, contacting less than fourwalls.When fully confined, cells exhibit
fewer but larger vinculin-containing adhesions and create greater strains in the surroundingmatrix directed toward the cell body. In
contrast, partially confined cells develop amore elongatedmorphologywith smaller but significantlymore vinculin-containing adhe-
sions and displace the surrounding matrix less than fully confined cells. The resulting effect of increasing cell contractility via Rho
activation is dependent on the number of walls with which the cell is in contact. Although matrix strains increase in both fully and
partially confinedcells, cells that are partially confined increasespeed,whereas those in full confinementdecreasespeed.Together,
these results suggest that the degree of cell-ECMcontact during confinedmigration is a key determinant of speed,morphology, and
cell-generated substrate strains during motility, and these factors may work in tandem to facilitate metastatic cell migration.
SIGNIFICANCE Duringmetastatic migration, cells can use pores and interstitial spaces to move through tissue. Here, we
show that their migratory behavior is dependent on the extent to which they interact with their surroundings. Increased wall
contact on all sides of the cell results in faster migration, larger adhesions, and increased cell-induced matrix deformations.
These results point toward novel microenvironment-specific behaviors in metastatic migration.
INTRODUCTION

Spatial heterogeneity is a hallmark of the tumor microenvi-
ronment and is particularly important in metastatic cancer
cell migration. The stromal matrix is composed of complex,
permeable structures in which pore sizes can range from 1 to
20 mm in diameter (1,2), which cancer cells must navigate to
metastasize. Moreover, metastatic cells are able to maneu-
ver through the stroma, creating tunnel-like channels within
the matrix using proteases (3). These channels, whether pre-
existing or created by other cells, present migrating cells
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with varying degrees of confinement and mechanical cues
that influence migration behavior and mechanisms used to
move through these spatial restrictions. However, the mech-
anisms cells employ to navigate confinement within the
primary tumor environment are still not well understood.

Several models have recreated these three-dimensional
(3D) tracks in vitro (2,4–9). Polydimethylsiloxane (PDMS)
is a widely used polymer that is molded to simulate 3D, sin-
gle-cell microchannels with variable stiffness ranges, whereas
polyacrylamide (PA) gels are similarly used for their versa-
tility and tunability (8–13). These models have revealed
distinct behaviors of migratory cells, depending on the degree
of confinement. When bound in channels molded from PA
gels, cells in narrow channels moved significantly faster
than those in wider channels, adopting a more amoeboid-
like movement (8). On the other hand, decreased and biphasic
behavior in cell speed has been observed for cells in
decreasing-sized PDMS channels, suggesting that the
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Adhesion and Migration in 3D Microtracks
mechanisms regulating confined migration are not yet fully
understood (13–15).

In addition to having an effect on migration speed, it has
been shown that confinement induces changes in the size
and density of focal adhesions (FAs) in migrating cells
(15,16). It has been reported that cells exhibit a smaller or
reduced presence of FAs, which are important for the trans-
duction of contractile forces from the cell to its surrounding
matrix in narrow confined PDMS channels (15,16). Interest-
ingly, these FAs vary in size and intensity, and little is
known about their mechanism of formation and traction
force transmission during confined migration (17).

Most studies on cell migration in confined channels have
been performed using PDMS or PA gels with a comparatively
higher stiffness than native tissue (8,9,18), making it difficult
to quantify cellular traction stress as these materials can be
impervious to deformation by cells. Moreover, these systems
lack several other key features of the in vivo microenviron-
ment, including similar adhesive site presentation and fiber
structure. Therefore, in this study, we utilized our previously
developed 3Dcollagenmicrotrack platform to study the effect
of confinement on cell migration and cell-induced matrix
deformations (as an indirect measure of traction stresses)
(19–21). This systemmore closelymimics physiological con-
ditions by using fibrous collagen, inwhich the channel dimen-
sions and wall stiffness can be tuned while also permitting the
quantification of matrix deformations due to cellular traction
stresses. We introduced microbeads into the collagen sur-
rounding the microtracks, enabling the quantification of
cell-induced matrix strains and studied cell behavior in two
types of confinement within the microtrack—full and partial
confinement. We define cells as fully confined when they
are in contact with all four walls—top, bottom, and two side
walls—of the collagen track during migration, and we define
cells as partially confinedwhen they contact some fraction of,
but not all, of the four walls.We then examined cell geometry,
vinculin-containing FA area, density, and cell speed as well as
cell-induced matrix deformations as a function of spatial
confinement within the collagen microtracks. Our data indi-
cate that fully confined migration utilizes different cellular
mechanisms than either two-dimensional or even 3D migra-
tion, creating larger FA complexes and differential cell-
induced matrix deformations. Our results indicate that the
cell response to spatial confinement depends on the number
of walls a cell contacts rather than simply the size of the chan-
nel. Together, these findings provide further insight into the
mechanisms cancer cells utilize during confined migration
in spatially complex 3D microenvironments.
MATERIALS AND METHODS

Cell culture and reagents

Highly metastatic breast adenocarcinoma cells MDA-MB-231 (HTB-26;

American Type Culture Collection, Manassas, VA) were maintained at
37�C and 5% CO2 in Dulbecco’s Modified Eagle’s Medium (Life Technol-

ogies, Grand Island, NY) supplemented with 10% fetal bovine serum

(Atlanta Biologicals, Flowery Branch, GA) and 1% penicillin-streptomycin

(Life Technologies). For a subset of experiments, MDA-MB-231 cells were

incubated in complete medium supplemented with 0.125 mg/mL Rho Acti-

vator II (CN03-A; Cytoskeleton, Denver, CO).
DNA constructs and lentiviral transductions

The lentiviral vector, pRRL-vinculin-EGFP, was created by replacing venus

from pRRL-vinculin-venus (plasmid number 111833; Addgene, Cam-

bridge, MA) with enhanced green fluorescent protein (EGFP) from pHIV-

EGFP (plasmid number 21373; Addgene; deposited by Bryan Welm

and Zena Werb). EGFP was amplified by PCR using forward and reverse

primers, ccgattagaattcatggtgagcaagggcgagga and ttacttgtacagctcgtc-

catgcctctagataatcgg, respectively. EGFP was then inserted using XbaI and

EcoRI cloning sites. pRRL-vinculin-EGFP lentiviral particles were pre-

pared by the transient transfection of HEK293T cells with the lentiviral

expression vector and second-generation packaging constructs psPAX2

and pMD2.G using TransIT-LT1, according to manufacturer’s instructions

(Mirus Bio, Madison, WI). Lentiviral particles were harvested from

HEK293T media at 48 and 72 h post-transfection, concentrated 100-fold

with Lenti-X Concentrator (Clontech Laboratories, Mountview, CA), and

used for stable cell transduction in the presence of 8 mg/mL polybrene.
3D microtrack fabrication

Collagen microtracks were prepared as previously described (19,22,23). In

brief, a silicon wafer mold was used to cast polydimethylsiloxane (PDMS;

Dow Corning, Midland, MI) stamps by curing cross-linker and monomer

(1:10 ratio) at 60�C for 2 h. Acid-extracted type I collagen stock solution

(10 mg/mL) from rat tail tendons was diluted to 3 mg/mL concentration

using ice-cold complete culture medium and neutralized with 1 N NaOH.

PDMS stamps were lightly coated with neutralized collagen solution, in-

verted over a drop of neutralized collagen solution, and allowed to poly-

merize for at least 90 min at 37�C. PDMS stamps were removed, and

MDA-MB-231 cells were seeded onto patterned collagen at a low density

of 70,000 cells/mL to minimize cell-cell interactions. Patterned collagen

matrices were closed from the top with a collagen-layered glass coverslip

to form 3D collagen microtracks. The final length and depth of the collagen

microtracks were 1000 and 15 mm, respectively. Straight longitudinal mi-

crotracks were created with widths of 5, 10, 15, and 20 mm and tapered mi-

crotracks with a 20 to 5 mm wide spatial gradient. Collagen microtracks

were prepared on plastic-bottom six-well plates for phase contrast imaging

and glass-bottom six-well plates with no. 1.5 cover glass (Cellvis, Mountain

View, CA) for confocal imaging. For matrix displacement experiments,

0.5-mm diameter carboxyl-modified fluorescent polystyrene beads (Invitro-

gen, Grand Island, NY) were dispersed in neutralized collagen solution

before polymerization.
Time-lapse and confocal microscopy

Time-lapse phase contrast imaging was performed on a Zeiss Axio

Observer Z1 inverted microscope equipped with a Hamamatsu ORCA-

ER camera using a 10�/0.3 NA objective and operated by AxioVision soft-

ware. For cell speed measurements, MDA-MB-231 cells were imaged every

20 min for 12 h. For persistence measurements, cells were imaged every

5 min for 12 h. Before all time-lapse imaging, cells were incubated in the

tracks in complete media for 4–6 h to allow for cell adhesion and spreading.

Rho Activator II was added to complete media where indicated. Confocal

reflectance was performed with a Zeiss LSM800 inverted confocal micro-

scope equipped with a 40�/1.1 NA long working distance water-immersion

objective. To observe vinculin, vinculin-EGFP-expressing MDA-MB-231
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cells were imaged at 0.50 mm z axis intervals measuring only adhesions

larger than 0.04 mm2 to exclude values below the optical resolution of

microscope. Before imaging, cells were fixed with 3.2% paraformaldehyde

for 15 min, followed by permeabilization with 1% Triton X-100 for 3 h, and

washed with phosphate-buffered saline/0.2% tween three times for 15 min

each to remove cytoplasmic background noise. To track fluorescent bead

displacement, time-lapse confocal fluorescence imaging was performed

every 20 min for 12 h at 0.50 mm z axis intervals using a 20�/0.8 NA objec-

tive. All live-cell imaging was performed in an environmental chamber

maintained at 37�C and 5% CO2.
Migration analysis

In 3D collagen microtracks, cell migration speed was calculated by aver-

aging the distance between cell centroids (from frame to frame in the

time-lapse series) and dividing by the total time step. Cell centroid position

was determined by outlining cells in ImageJ (version 1.49b; National Insti-

tutes of Health, Bethesda, MD). Speed measurements were taken over a

minimum of 6 h. Cells that divided or interacted with other cells during

migration were excluded from analysis.

Persistence was quantified using the same migration analysis to obtain the

distance traveled between cell centroids for each time step. The sum of the

distance traveled in each 5-min time step was calculated for 20-min intervals,

and the total path distancewas divided by the end-to-end path distance for the

20-min period to obtain persistence values from 0 to 1.
3D vinculin-containing adhesion structure
analysis

Confocal z-stack images of vinculin-EGFP-expressing MDA-MB-231 cells

were converted to maximum intensity z-projections in ImageJ and pro-

cessed to subtract background and increase the visibility of adhesions. After

thresholding the image, adhesion number was quantified with the ImageJ

particle analyzer. Vinculin-adhesion area, cell area, and cell volume were

calculated by counting pixel and voxel number, respectively (24). Cell

area was measured from a maximum z-projection in the x-y plane as it is

in this plane that the dimension of the microtrack was altered. Quantified

cells were randomly selected to exclude selection bias.
Measurement of bead and matrix displacement

To quantify bead displacement, bead positions were recorded in cell-

free collagen microtracks, and final cell-induced displacement was
1694 Biophysical Journal 117, 1692–1701, November 5, 2019
tracked using the Trackmate plugin in ImageJ (25). In Trackmate, the

median filter was used to automatically detect fluorescent beads, and

the track analysis function was utilized to quantify displacement of the

beads in an unstressed matrix versus a stressed matrix and to obtain

bead positions within the matrix. Cells were outlined using ImageJ

and measured to obtain centroid position and aspect ratio (major axis

of cell divided by minor axis). Distance from the bead position to the

cell centroid was then quantified. Images of fluorescent beads in the

collagen microtrack with the cell out of frame were overlaid with images

of the cell in the frame to obtain qualitative analysis of bead displace-

ment in the track.
Statistical analysis

Data in graphical form are presented as the mean5 SEM, min to max box-

and-whisker plots, or histograms. Statistical analysis was conducted using

GraphPad Prism 7.0. Normality in the spread of data for each experiment

was tested using the D’Agostino-Pearson omnibus normality test. To eval-

uate statistical significance, analysis of variance with a Tukey’s honestly

significant difference test and multiple comparisons was used to compare

more than two groups, and two-tailed Student’s t-test was used to compare

two groups. Statistical significance was considered with a p-value <0.05.

All data are representative of a minimum of three independent replicate

studies.
RESULTS

Increased cell-matrix contact increases cell
migration speed

To recapitulate the range of confining pores in the extracel-
lular microenvironment found in vivo (1,26,27) and
examine the effects of spatial confinement on migration,
we utilized microfabrication to create collagen microtracks.
Straight, uniform width microtracks were created with
widths of 5, 10, 15, or 20 mm and a height of 15 mm
(Fig. 1 A). To differentiate cells based on their cell-matrix
contact, we characterized cells as either fully confined—
when they contacted all four walls of the microtrack (top,
bottom, and two side walls)—or partially confined—when
they contacted three walls (top, bottom, and one side wall)
FIGURE 1 Cell migration speed depends on the

extent of confinement. (A) Confocal reflectance

images of 5, 10, 15, and 20 mm width collagen mi-

crotracks, scale bar ¼ 25 mm. (B) Phase contrast

images of 5, 10, 15, and 20 mm width microtracks

with single MDA-MB-231 cells, scale bar ¼
50 mm. (C) Percentage of MDA-MB-231 cells

that are able to reach both top and bottom walls

and at least one side wall in each track size (n ¼
20–27 cells per condition). (D) Percentage of

MDA-MB-231 cells that are either partially

confined or fully confined by all four walls as a

function of track width. (E) Average migration

speed of MDA-MB-231 cells during migration

in 5, 10, 15, and 20 mm width-sized microtracks;

n ¼ 35–50 cells per condition. * indicates p <

0.05, with only significant differences denoted.
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(Fig. 1 B). Using confocal microscopy, we verified cells
were able to contact all side walls for all of the microtrack
widths used; however, in 20-mm tracks, cells contacting
both side walls did not consistently contact top and bottom
walls as well (Fig. 1 C). Therefore, we categorized cells in
20-mm tracks as partially confined. Side wall contact was
also highly dependent on microtrack width as cells predom-
inately contacted both side walls and were fully confined in
narrower tracks but only contacted a single side wall in
wider tracks (Fig. 1 D).

Spatial confinement and cell-matrix contact are impor-
tant regulators of 3D cell migration (28,29). Therefore,
we next examined how track width and the degree of
confinement affects cell speed during confined migration.
Notably, cell migration speed significantly increased
when cells were fully confined compared with when
cells were partially confined, regardless of track width
(Fig. 1 E). To determine if cells actively adjust their veloc-
ity to changes in spatial confinement and the number of
walls contacted, we studied cell migration in a tapered
collagen microtrack decreasing in width from 20 to 5 mm
(Fig. 2 A). Indeed, as cells transition from a wider to nar-
rower region of the tapered microtrack, where they were
fully confined, migration speed increased (Fig. 2, B–D).
Furthermore, we verified there was no difference in persis-
tence between partially and fully confined cells, indicating
no difference in directional migration (Fig. 2 E). Together,
these results suggest that the degree of cell-matrix contact
and spatial confinement plays an important role in regu-
lating migration efficiency.
Confinement induces changes in cell geometry
but not volume or area

Cell geometry and spreading have both been reported to in-
fluence cell behavior during confined migration, in which an
increase in cell size or aspect ratio has been linked to
decreased migration efficiency (15,30). To determine
whether the degree of confinement produces morphological
changes during migration, we examined the morphology of
cells in full confinement using the 5-mm tracks and of cells
in partial confinement using the 20-mm tracks (Fig. 3 A).
Interestingly, both fully and partially confined cells were
of a similar area when comparing maximum projections in
the z-plane and similar volume when comparing 3D projec-
tions regardless of track size (Fig. 3, B and C). However,
cells exhibited significant changes in aspect ratio dependent
on the degree of confinement. Fully confined cells exhibited
a decreased aspect ratio, whereas partially confined cells ex-
hibited an increased aspect ratio (Fig. 3 D). Contact with
four walls of a channel caused cells to exhibit a more
rounded morphology, whereas cells that are not confined
in channels tend to be more elongated, suggesting that cyto-
skeletal remodeling occurs based on matrix contact.
Cells exhibit a decreased density of larger
vinculin-containing adhesions when fully
confined in tracks

Given that cells in full confinement are more rounded than
those that are partially confined, which tend to be more
FIGURE 2 Cells respond to increased matrix

contact by increasing speed. (A) Confocal reflec-

tance image of a tapered collagen microtrack

with decreasing width ranging from 20 to 5 mm,

scale bar ¼ 25 mm. (B) Time-lapse phase contrast

images (scale bar ¼ 50 mm) and (C) migration

speed of a single MDA-MB-231 cell when

partially confined and fully confined by all four

walls within the tapered microtrack; black dotted

line indicates the switch in confinement. (D)

Average migration speed of MDA-MB-231 cells

when partially confined and fully confined by all

four walls; n ¼ 47 cells per condition. (E) Average

persistence of cells in tracks was calculated using

time-lapse images taken every 5 min rather than

20 min; n ¼ 11 cells per condition. * indicates

p< 0.05, with only significant differences denoted.
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FIGURE 3 Vinculin-containing FA size and den-

sity varies based on confinement. (A) Confocal

reflectance (top) and fluorescent images (bottom)

of single cells when partially confined and fully

confined by all four walls within the microtracks

(5-mm tracks for fully confined, 20-mm tracks for

partially confined). fluorescence indicates vincu-

lin-containing FA protein; XY, ZX, and YZ repre-

sent top, side, and front view of microtrack,

respectively. Scale bars, 20 mm in the XY and XZ

views. Scale bars, 10 mm in the YZ view. (B) Cell

area, (C) cell volume, and (D) cell aspect ratio

when partially confined and fully confined in mi-

crotracks; n ¼ 20 cells per condition. (E) Density

of vinculin-containing adhesions and (F) area of

vinculin-containing adhesions are >0.04 mm2 in

cells that are partially confined and fully confined;

n ¼ 20 cells per condition. ** indicates p < 0.01,

with only significant differences denoted. To see

this figure in color, go online.
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elongated, we sought to investigate whether the extent of
confinement alters FA area and/or density. FA size has
been suggested to play a key role in translating structural
and chemical cues in cells to cell shape (15,31). Vinculin
is one of the key structural proteins recruited to FA com-
plexes and plays a well-established role in regulating cell
polarity and directionality (23). To investigate the relation-
ship between cell spreading, confinement, and cell-matrix
adhesion, we seeded vinculin-EGFP-expressing cells within
microtracks and quantified the density and area of vinculin
adhesions (Fig. 3, E and F). To ensure that the number of
adhesions on the surface of cells was not simply due to
changes in surface area of the cell based on confinement,
we measured adhesion density (adhesions per mm2 of cell
surface) rather than simply the total number of adhesions.
Although there was no statistical difference in cell area or
volume in partial versus full confinement (Fig. 3, B and
C), fully confined cells exhibited fewer total vinculin-con-
taining adhesions per mm2 of the cell surface compared to
partially confined cells (Fig. 3 E). Additionally, cells in
full confinement exhibited significantly larger adhesions
than partially confined cells (Fig. 3 F), suggesting a greater
accumulation of vinculin in fully confined cells that sup-
ports stable cytoskeletal structure and attachment to the ma-
trix (23). Taken together, these results indicate that spatial
confinement induces changes in the number and size of
vinculin-containing adhesions that mediate cell-matrix
interactions.
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Magnitude and direction of strain varies based on
confinement

FAs form foci at which forces are exerted by the cell on
the substrate (32–34). These forces are transmitted from
the cell to the surrounding matrix, facilitating cell motility
(35) and causing strains within the matrix. Previous work
has indicated that cell geometry may play an important
role in regulating cellular strains and matrix deformation
(36), and we therefore sought to determine whether the
changes in FA area and density as well as changes in
cell aspect ratio induced by confinement had an effect
on the matrix strains created by the cell. Collagen matrix
deformation was quantified by measuring cell-induced
fluorescent bead displacement during fully versus
partially confined migration (20,21). Beads were first
measured at an unstressed state, when the cell was not
in frame, and then measured in a stressed state, when cells
were interacting with the surrounding collagen matrix.
Bead displacement was quantified as a function of the dis-
tance from the cell centroid to determine the distance the
strains were measurably transmitted through the matrix
(21). Bead displacement was also compared between the
region at the leading edge of the cell, the middle region
of the cell, and at the trailing edge of the cell to determine
whether matrix deformations are a function of location
relative to the cell body. Interestingly, there were no
regional differences in bead displacement (Fig. 4 A).



FIGURE 4 Strain from cell-generated matrix

deformation is dependent on the extent of confine-

ment. (A) Average of maximum bead displace-

ments from when the cell is absent to when the

cell is present in the leading, middle, and rear

region of the cell, with black indicating partially

confined cells, and gray indicating fully confined

cells. (B) Average bead displacement as a function

distance of the bead from the cell centroid with sig-

nificance displayed and (C) maximum bead

displacement as a function of cell aspect ratio

was measured as the major axis divided by the

minor axis of the cell, with circular points denote

partially confined cells, square points denote fully

confined cells. (D and E) Overlay images of beads

when the cell is absent (blue position) and

when the cell is present (red position) with cell po-

sition outlined in yellow, representative image of

partially confined (D) and fully confined (E) cells

with dashed white lines indicating leading, middle,

and rear regions, both cells moving left, indicated

by black arrow. The direction of bead displacement

is indicated by white arrows. Scale bars, 20 mm;

n ¼ 20 cells per condition, and �100 beads

per cell were tracked. To see this figure in color,

go online.
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However, cells that were fully confined in the collagen
microtracks displace beads to a greater extent compared
to partially confined cells, suggesting that cells fully
confined by the matrix may exert greater forces
(Fig. 4 B). As expected, beads located closer to the cell
body displaced more than those located further away,
with no significant differences in the slopes of the
partially and fully confined cells (Fig. 4 B).

To investigate whether a relationship exists between cell
geometry and matrix strains because of confinement, we
examined maximum bead displacement as a function of
cell aspect ratio (Fig. 4 C). Interestingly, bead displacement
did not significantly change with cell shape in both fully and
partially confined cells, suggesting that strains are not corre-
lated with or dictated by cell morphology. In observing bead
displacements qualitatively, we found that cells pulled on
the matrix during migration rather than pushing (Fig. 4, D
and E). Notably, however, when confined, cells tend to
pull the matrix inward toward the cell body (perpendicular
to the direction of motion), whereas in partial confinement,
cells pull the matrix parallel to their cell body. Altogether,
these data indicate that the degree of confinement, not cell
shape, determines the magnitude and direction of cell-
induced matrix strains.
Response to changes in Rho activation are
confinement dependent

Our results suggest that the area and density of vinculin ad-
hesions as well as matrix deformation are affected by the de-
gree of confinement in 3D. We find that as cells change their
shape in confinement, the subsequent changes in matrix
contact alter adhesion formation and growth, as well as
cell-induced matrix strains, and changes in cell speed. Given
that contractility modulates the assembly of vinculin-con-
taining FAs and directs traction force generation (37–40),
we investigated whether alterations to cell contractility
would differentially modify migration behavior, depending
on the extent of cellular confinement. We treated cells
with Rho Activator II, a reagent that activates the Rho
GTPases by targeting the Switch II region of these GTPases
to increase cell contractility, and measured cell speed as a
function of spatial confinement (41). With Rho activation,
cell speed significantly increased when cells are partially
Biophysical Journal 117, 1692–1701, November 5, 2019 1697
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confined and decreased when cells are fully confined
compared to controls (Fig. 5 A). After Rho activation, cells
still exhibited a significantly higher aspect ratio when
partially confined compared to treated cells that were fully
confined (Fig. 5 B), suggesting that cell shape is more
dependent on confinement rather than contractility.

Because of previous work showing that a relationship ex-
ists between adhesion size and contractility (37), we inves-
tigated the effect of Rho activation on adhesion formation.
Interestingly, adhesion density in fully confined cells treated
with Rho activator increased significantly compared to un-
treated fully confined cells, though there was no longer a
statistical difference in adhesion density between treated
fully and partially confined cells (Fig. 5 C). The adhesion
density increases in fully confined cells after Rho activation,
but the adhesion density in partially confined cells remains
the same. Although we had found that cells in full confine-
ment contain larger adhesions than cells in partial confine-
ment, when we examined adhesion area in cells treated
with Rho activator, no statistical significance between the
treated groups was observed (Fig. 5 D). In summary, Rho
activation results in an increase in adhesion density in fully
confined cells, with no significant difference in adhesion
1698 Biophysical Journal 117, 1692–1701, November 5, 2019
area in treated cells. These data indicate that changes in
intracellular contractility differentially affect cells, depend-
ing on the extent of cell confinement.

After Rho activation, regardless of the degree of confine-
ment, treated cells pulled the matrix significantly farther
than their untreated counterparts (Fig. 5 E). However,
when comparing treated partially confined cells to treated
fully confined cells, there was no significant difference be-
tween the two, suggesting that cell-induced matrix strains
are dependent on contractility rather than the degree of
confinement. The direction of bead motions resembles the
motions without Rho activator; in full confinement, cells
pulled the beads perpendicular toward their cell body,
whereas in partial confinement, bead motion was more par-
allel to the direction of motion. When comparing the
displacement of beads as a function of distance from
the cell centroid, there was no significant difference in the
slopes of the treated fully and partially confined cells
(Fig. 5 E). In comparing bead motions in treated cells, we
found no regional differences in the maximum bead
displacement at the leading, middle, and rear edges of the
cell (Fig. 5 F). However, untreated cells in both full and par-
tial confinement exhibit a linearly decreasing trend from the
FIGURE 5 Activation of Rho alters cell migration

behavior in confinement. (A) Average cell migration

speed; n ¼ 15–45 cells per condition. (B) Cell aspect

ratio was measured as major axis divided by minor

axis of untreated and treated partially or fully confined

cells; n ¼ 20 cells per condition. (C) Adhesion density

in either Rho-treated or untreated partially and fully

confined cells was measured as number of adhesions

per mm2, measuring only adhesions >0.04 mm2;

n ¼ 20 cells per condition. (D) Area of vinculin-con-

taining adhesions in either Rho-treated or untreated

partially and fully confined cells; n ¼ 20 cells per con-

dition. (E) Average bead displacement as a function of

the distance from the bead position to the cell centroid

with slopes, where black lines represent partially

confined cells, and gray lines represent fully confined

cells. Untreated counterparts have been transposed

over treated cells as dotted lines for comparison with

significance values displayed; n ¼ 20 cells per condi-

tion, and �100 beads per cell were tracked. (F)

Maximum displacement of Rho-treated cells in the

leading, middle, and rear regions surrounding the cells,

displaying the mean y-values of treated and untreated

cells, fully or partially confined, fit to a linear curve

with p-values indicating a non-zero slope displayed;

n ¼ 20 cells per condition, and �100 beads per cell

were tracked. * indicates p < 0.05, ** indicates p <

0.01, and *** indicates p < 0.001, with only signifi-

cant differences denoted.
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front to the rear edge of the cell. Notably, this decrease in
bead displacement from the front to the rear of the cell is
lost in both configurations when cells are treated with
RhoA activator (Fig. 5 F). In both full and partial confine-
ment, cells still pulled the matrix toward them as they
migrated, rather than pushing the beads away. These data
indicate that increasing contractility via Rho activation in-
creases cell-induced matrix strains, regardless of the extent
of confinement, but it ablates the front-to-rear asymmetry in
force generation.
DISCUSSION

During metastatic invasion, cancer cells must navigate a me-
chanically and spatially heterogeneous microenvironment
where physical cues from the extracellular matrix determine
requirements for migration. Confinement can modify intra-
cellular signaling and change cancer cell migration behavior
and molecular mechanisms of migration (8,42). Notably,
confined migration utilizes distinct mechanisms compared
to two-dimensional and 3D migration (22,23,43) because
confining microenvironments can provide strong guidance
cues that facilitate more directed and efficient migration
(19). However, the mechanisms employed by cells during
confined migration are not yet fully understood. Here, we
utilized collagen microtracks to recapitulate confining
tracks experienced by cancer cells in vivo and investigated
how the degree of cell-matrix contact during confined
migration influences migration behavior.

Our data indicate that the degree of cell-matrix contact,
rather than the width of the microtrack, alters vinculin-con-
taining adhesion size as well as density, cell-generated
matrix strain, and migration speed. When cells are fully
confined and contacting all walls of the microtrack, they
exhibit larger, though fewer, adhesions and greater matrix
strains, and they migrate more quickly through the micro-
track. The extent of strain in the matrix is determined by
the contractile state of the cell (44), suggesting fully
confined cells are more contractile than partially confined
cells. The cells in full confinement, in addition to being
more contractile, also migrate faster, suggesting that
contractility contributes to migration. However, when
contractility was increased pharmacologically through
Rho activation, speed decreases in fully confined cells. In
partially confined cells, however, contractility also increases
upon Rho activation, and speed also increases. These data
suggest that the role of contractility in driving migration is
different, depending on the extent of confinement.

Cancer cells typically use one of two main modes of
migration to navigate their surrounding environment,
mesenchymal and amoeboid, and they are able to switch
plastically from one mode to the next, though it is unclear
what drives this transition (45). Mesenchymal migration is
characterized by Rac1 activity, which drives actin polymer-
ization at the leading edge of the cell to form protrusions,
followed by adhesion to the surrounding substrate and
retraction of the cell rear (46,47). Conversely, amoeboid
migration is driven by RhoA-induced contractility and is
typically characterized by a rounder cell morphology and
the movement of a cell through squeezing. In amoeboid
migration, faster migration is dominated by squeezing and
blebbing rather than adhesion (15,48). Given this, it is
possible that cells in full confinement adopt an intermediate
migratory mode, exhibiting traits of both mesenchymal and
amoeboid migration. The rounded morphology and faster
migration speed observed in full confinement appears to
suggest amoeboid migration, whereas the presence of large
vinculin-adhesion sites is more characteristic of mesen-
chymal migration. Our data suggest that for fully confined
cells, contractility, rather than actin polymerization, domi-
nates cell motility. However, an adhesion gradient from
the front of the cell to the rear still exists, which may provide
the mechanical asymmetry required for cell migration.

Notably, cells in full confinement exert substantially
greater forces normal to the cell body than cells in partial
confinement that exert primarily tangential forces. The
mechanism by which cells create these forces and the role
of these forces in migration are not clear. In prior work, we
showed that the actin cytoskeleton of fully confined cells is
primarily cortical (19). Work from others has shown that
the actin cortex stabilizes the cell during migration and gen-
erates normal forces on the surrounding matrix to balance
tension and intracellular pressure (49,50). Though the role
of normal forces in confined cell migration (where cells
move faster) is somewhat counterintuitive, it is possible
that they provide support for cells adhering to the microtrack
walls. It is possible that fully confined cells utilize these
normal forces to facilitate migration using an internal pres-
sure-based mechanism like the nuclear piston model, which
suggests that cells employs hydrostatic pressure generated in
the cytoplasm to drive the cell forward (51). In either case,
the generation of directional normal forces in full confine-
ment appears to confer a migration speed advantage that
more closely resembles amoeboid migration. However, the
cell also clearly retains mesenchymal migration traits due
to the recruitment of the mechanical linker protein, vinculin,
which is uniquely capable of stabilized cell-matrix junctions
in response to directional forces (52), and is present in the
form of large adhesions, which is more suggestive of mesen-
chymal migration. Though it is unclear whether the size of
the adhesions or their density is more crucial to modulating
confined cell migration, it is likely that the increased normal
forces encourage greater vinculin recruitment to adhesion
sites, resulting in larger, though fewer, vinculin-containing
adhesions. Spatial organization of these adhesions may
lend to the mechanical asymmetry of the cell, forming a
gradient that is required to drive cell migration (53–55).

Pharmacologically activating Rho has opposing effects,
depending on whether the cells are in full or partial confine-
ment. Rho activation has been reported to have global effects
Biophysical Journal 117, 1692–1701, November 5, 2019 1699
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across the cell by locally balancing forces in the activated re-
gion so that unbalanced forces at the cell periphery are then
able to generate traction (56). Thus, during global RhoA acti-
vation in full confinement, it is likely that the mechanical
asymmetry of the cell is ablated through either the loss of
local RhoA activity or by altering transmission of cytoskel-
etal force through adhesions already existing across the
cell. The global increase in contractility may also disrupt
the cortical integrity of the actin core, thereby dysregulating
the balance with cortical tension to effectively abrogate effi-
cient cell migration (49). Though mechanical asymmetry is
similarly disrupted in partially confined cells, there is an in-
crease in migration speed, suggesting that these cells may
utilize alternative signals, such as Rac1 activation, to
enhance protrusion formation. Rac1 activity, which domi-
nates during mesenchymal migration, utilizes adhesion and
actin polymerization to facilitate protrusion formation (47).
It is likely that a potential increase in lamellipodia activity
during enhanced contractility may result in the faster cell
migration observed in partially confined cells.

Though confined migration has been heavily studied, this
complex, dynamic process is still not fully understood. We
propose that cells migrate through confinement using a tran-
sitional mode of migration exhibiting characteristics of both
mesenchymal and amoeboid migration, in which cell
contractility, rather than actin polymerization, is the driving
force behind cell motility, though adhesion formation is still
utilized by the cell to form a mechanically asymmetric
gradient and facilitate cell migration. Regardless, it is clear
that the effects of cell contractility on adhesion and migra-
tion are confinement dependent.
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