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We designed an innovative device, capable of high-resolution imaging of cells migrating through
precisely controlled geometries mimicking physiological environments. Experiments using these devices
provide quantitative insights into the dynamic changes that occur in the cell during migration through
narrow constrictions, specifically in the nucleus, whose deformability constitutes a rate-limiting factor.
We captured the first detailed image sequences of chromatin and nuclear lamina deformations as cells
pass through micron-sized constrictions, offering mechanistic details to explain why lamin A/C-
deficiency facilitates 3-D migration. The integration of microfabricated microenvironments with
guantitative measurements of subcellular deformations provides an improved understanding of how
cells overcome the resistance of the large and rigid nucleus during 3-D migration, with direct relevance
to invasive cancer cells and immune cells.
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Design of a microfluidic device to quantify dynamic
intra-nuclear deformation during cell migration
through confining environments
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DOI: 10.1039/x0xx00000x The ability of cells to migrate through tissues and interstitial space is an essential factor during
development and tissue homeostasis, immune cell mobility, and in various human diseases.
Deformation of the nucleus and its associated lamina during 3-D migration is gathering
increasing interest in the context of cancer metastasis, with the underlying hypothesis that a
softer nucleus, resulting from reduced levels of lamin A/C, may aid tumour spreading.
However, current methods to study the migration of cells in confining three dimensional (3-D)
environments are limited by their imprecise control over the confinement, physiological
relevance, and/or compatibility with high resolution imaging techniques. We describe the
design of a polydimethylsiloxane (PDMS) microfluidic device composed of channels with
precisely-defined constrictions mimicking physiological environments that enable high
resolution imaging of live and fixed cells. The device promotes easy cell loading and rapid, yet
long-lasting (>24 hours) chemotactic gradient formation without the need for continuous
perfusion. Using this device, we obtained detailed, quantitative measurements of dynamic
nuclear deformation as cells migrate through tight spaces, revealing distinct phases of nuclear
translocation through the constriction, buckling of the nuclear lamina, and severe intranuclear
strain. Furthermore, we found that lamin A/C-deficient cells exhibited increased and more
plastic nuclear deformations compared to wild-type cells but only minimal changes in nuclear
volume, implying that low lamin A/C levels facilitate migration through constrictions by
increasing nuclear deformability rather than compressibility. The integration of our migration
devices with high resolution time-lapse imaging provides a powerful new approach to study
intracellular mechanics and dynamics in a variety of physiologically-relevant application,
ranging from cancer cell invasion to immune cell recruitment.

www.rsc.org/

To date, the most common systems to study cell migration in
confining 3-D environments fall into two categories, engineered

Introduction

Cell migration and motility play a critical role in numerous
physiological and pathological processes, ranging from development
and wound healing to the invasion and metastasis of cancer cells. It
is now becoming increasingly apparent that cell migration in 3-D
environments imposes additional challenges and constraints on cells
compared to migration on 2-D substrates, which can have significant
impact on cell motility.'™ For example, cells migrating through 3-D
environments are confined by the extracellular matrix and interstitial
space;” the physical confinement and 3-D environment not only alter
the morphology of cells but also their migration mode." > * ¢
Furthermore, the deformability of the cell nucleus, the largest and
stiffest cell organelle, can become a rate-limiting factor when cells
attempt to traverse dense extracellular matrix environments or pores
smaller than the nuclear diameter.”” Consequently, the composition
of the nuclear envelope, particularly the expression levels of lamins
A and C, which largely determine nuclear stiffness,'™ '' can strongly
modulate the ability of cells to pass through small constrictions.” 2
Collectively, these findings and their implications in various
biomedical applications have stimulated an increased interest in 3-D
cell migration.

This journal is © The Royal Society of Chemistry 2013

systems and extracellular matrix scaffolds, each with their own
limitations. Boyden chambers and transwell migration systems
consist of membranes with defined pore sizes, typically 3 to 8 pm in
diameter, through which cells migrate along a chemotactic gradient.
While these systems can provide precisely-defined and highly
uniform pore sizes, imaging the cells during their passage through
the constrictions can be challenging, as the cells typically migrate
perpendicular to the imaging plane and the membranes are often
thick and non-transparent. Furthermore, the chemotactic gradient
across the thin membrane may be difficult to control precisely. The
second approach, imaging cells embedded in collagen or other
extracellular matrix scaffolds, offers a more physiological
environment, but the self-assembly of the matrix fibers allows only
limited control over the final pore size (e.g., via adjusting the
concentration or temperature), and the pore sizes vary widely even
within a single matrix.> * Recently, improvements in microfluidic
systems have combined well-controlled chemotactic gradients and
3-D structures to study confined migration along a gradient."
Nonetheless, many of these systems still have inherent limitations,
such as the requirement of continuous perfusion to maintain a stable
chemotactic gradient. While such a perfusion approach is well-suited
for short-term experiments with fast moving cells such as
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neutrophils or dendritic cells, it proves more challenging for the
study of slower cells (e.g., fibroblasts, cancer cells), which often
require observation times of many hours to several days.?
Furthermore, current microfluidic devices often face a dichotomy
between the low channel heights (3-5 pm), required to fully confine
cells in 3-D, and larger feature heights (>10 um) that facilitate cell
loading and nutrient supply but are too tall to confine cells in the
vertical direction as they migrate through the constrictions.

To overcome the limitations of current approaches, we
identified the following requirements for an improved system to
study cell migration in 3-D environments: (/) easy sample
preparation and loading of cells, supporting diverse cell lines;
(2) precisely-defined

physiological 3-D conditions; (3) rapid and persistent (hours to

channel geometries, relevant to
days) formation of a stable chemotactic gradient without the
need for continuous perfusion; and (4) high spatial and
temporal resolution for real-time imaging of cell migration
through confined spaces. Here we present a novel microfluidic
migration device containing several innovative features to fulfil
these requirements. We have successfully tested this device
with a broad range of cell lines under different chemotactic
that detect detailed
during migration through narrow

gradients, demonstrating we can

intracellular dynamics
constrictions. Furthermore, we have used the devices to observe
dynamic changes in these cells during migration through
narrow constrictions, including nuclear lamina buckling,
nuclear volume changes, and chromatin strain during nucleus

deformation.

Results and Discussion
Overview of microfluidic migration device design

The devices consist of parallel migration channels formed by a series
of PDMS pillars, through which cells migrate along a chemotactic
gradient (Fig. 1). The channels can be functionalized with various
extracellular matrix proteins such as collagen or fibronectin to
promote cell adhesion. The narrow constrictions formed by the
pillars mimic the 2 to 30 um wide pores found in extracellular
matrices and interstitial spaces.'® ' The chemotactic gradient is
established via diffusion from a large source reservoir across the
constriction channels to a sink reservoir. The two reservoirs are also
connected by a 250 pm tall and 1000 um wide bypass channel to
provide a low resistance path for fluid flow, allowing for the rapid
equilibration of fluid height between the reservoirs in case of uneven
filling or mechanical perturbation during handling of the device.
Cells are directly seeded into a 250 um tall area at the mouth of the
constriction channels through two 250 pm tall by 300 um wide ports
near the entrance of the constriction channels. The increased height
of these areas before and after the constriction channels ensures
sufficient space for cells and ample supply of nutrients while
facilitating easy loading; if desired, cells can also be collected after
having passed through the constrictions, for example, to analyze
differences in gene expression between cells that have successfully
passed the constrictions and those that remained on the other side.
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Figure 1. Overview of microfluidic migration device design. (a)
Schematic 3-D model of the device features, showing the large (=5 mm tall)
reservoirs (red), the 250 pm tall chambers and bypass channel (blue), and the
constriction channels (green). (b) Top view of two devices side-by-side,
demonstrating the small footprint of the device. Arrows indicate the bypass
channels; arrowheads the cell loading ports. (¢) Photo of two pairs of
assembled migration devices. Reservoirs and migration channels have been
filled with food coloring to promote visibility. (d) Schematic bird’s eye view
of the CAD design, showing the 250 pm tall chambers and bypass channel
(blue), the constriction pillars (green), and the alignment markers for hole-
punching the PDMS. (e) Side-view of the device design, demonstrating the
height difference between the constriction channels (green) and the 250 pm
tall chambers (blue). (f) Corresponding 3-D reconstruction of a confocal
stack of images obtained using a device filled with 70 kDa dextran
conjugated to fluorescent Texas Red. The height measured in the confocal
stack is very close to the desired height of 250 um. (g) Three examples of
designs for the constriction channels: (left) channels with three identical
constrictions in a row, measuring either 3 pm or 5 um in width; (center)
channels with three sequentially narrower constrictions, decreasing from 5
pm to 3 pm and then 2 pm in width; (right) channels with three identical
constrictions in a row and wider spaces between rows of constrictions to
avoid deformation of cells in between constrictions. Each of these layouts
was designed so that consecutive constrictions were spaced sufficiently far
apart to focus on effects during passage through individual constrictions and
to minimize confounding effects from residual nuclear deformations.
Channels are connected via spaces between the pillars dividing the
constriction channels. Each design also includes 15 um wide through-
channels, which serve as a control for migration of cells unimpeded by
constrictions.

Design of constriction channels

This journal is © The Royal Society of Chemistry 2012
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Current technologies for the observation of 3-D cell migration
typically use long, narrow rectangular channels through which cells
must travel.® '*> While experiments with such channels have
revealed distinct differences in the migration of cells in confining
3-D environments compared to 2-D substrates, their geometries are
very different from the constrictions of the physiological micro-
environment."™ > In our designs we sought to mimic the non-
continuous spatial constraints found in the natural microenvironment
formed by extracellular matrix fibers and other cells. We devised a
design with constrictions formed by adjacent circular PDMS posts
that allow high resolution imaging of cell deformation during 3-D
migration.

The constriction channels in our devices are collectively composed
of dozens of individual channels in parallel, spanning a width of
approximately 225 um. We fabricated several different channel
designs for the migration device to suit specific experimental
purposes and mimic different physiological environments. The walls
of the channels are made up of a series of 15 to 30 um wide PDMS
pillars (Fig. 1g, Supplemental Video 1). In one design, the first
constriction in each channel is 5 um wide, followed by 3 um, and
finally 2 um wide constrictions (Fig. 1g, right). These constrictions
require cells to undergo successively greater deformation during
passage through the confined spaces. Such a design can be useful in
examining the speed at which cells travel through different sized
constrictions, or in determining the smallest pore size a particular
cell type can pass through. Wide channels included in the design
serve as benchmarks to measure cell migration speed unimpeded by
constrictions. Openings across constriction channels allow fluid flow
across the constrictions even when some of the channels are blocked
by cells, promoting nutrient distribution and uniform gradient
formation (see below).

Design of the system to create a stable reproducible gradient

Gradients in microfluidic devices are typically established via the
laminar flow of streams of different concentrations of solutes.'®
However, fluid flow may cause considerable fluid shear stress to the
cells and requires additional external equipment such as pumps and
connectors to provide continuous perfusion. Alternative approaches
developed to avoid shear stress on the cells have their own
limitations: diffusion of chemoattractants across an agarose gel is
slow,”! and manual pipetting at the entrance of microchannels results
in only very transient gradients.'® A more promising approach is to
use diffusion across closely spaced sink and source reservoirs to
obtain rapidly formed, stable gradients. This has been previously
used in chemotaxis devices to study cell migration in 2-D.?22*

In our system, the gradient is established across two reservoirs
separated by constriction channels 5 pm tall and 280 pm wide. The
reservoirs are created by punching holes in the PDMS, which are
connected to chambers 250 pum tall and end at the constrictions.
Thus the shape and the distance between the reservoirs is always the
same, regardless of the exact position the holes were punched,
resulting in highly reproducible gradients.

Using a bypass channel to prevent convective mass transfer

This journal is © The Royal Society of Chemistry 2012

A major challenge with many diffusion-based microfluidic devices is
prevention of fluid flow through the constriction channels caused by
uneven fluid levels in the reservoirs. The resulting convective
transport prevents the establishment of a linear diffusion-based
gradient and can even disrupt an established gradient. Given the high
fluidic resistance of micrometer-scale constrictions (Supp. Table 1),
equilibration of fluid levels between the reservoirs is very slow,
resulting in long delays before stable gradients can form. To address
this challenge, we incorporated a larger bypass channel into the
device design (Figs. 1b and 1d) capable of rapidly equilibrating
differences in fluid height while limiting fluid flow through the
constriction channels. To demonstrate the efficacy of the bypass
channel design, we modeled the fluid flow between the sink and
source reservoirs resulting from uneven filling in the absence or
presence of the bypass channel. Without the bypass channel, the
characteristic equilibration time constant is on the order of several
hours, but is drastically reduced to a few seconds when the bypass
channel is included (Supp. Table 1). Accordingly, the time required
to equilibrate the fluid levels between the reservoirs given an initial
difference of 1 mm is reduced from days to less than a minute when
the bypass channel is added (Table 1, Supp. Table 2 and Supp. Fig.
1). This also ensures that the majority of the fluid flow passes
through the bypass channel during medium changes or mechanical
perturbation of the devices and does not affect the cells in the
constriction channels. As a result, our devices are ideally suited for
long-term imaging of cell migration.

Time to equilibrate without bypass channel 87 hours
Time to equilibrate with bypass channel 40.3 seconds
Total volume exchanged between reservoirs 9.81 uL
Volume exchanged through constriction

\ 0.0013 pL
channels, in presence of bypass channel

Table 1: Results from modeling the fluid exchange between
reservoirs in the devices, given an initial fluid height difference of
1 mm between the reservoirs and defining equilibrium as reservoir
levels within 1 pm of each other.

To assess whether diffusion through the large bypass channel could
result in equilibration of the concentrations between the sink and
source reservoirs, we calculated the diffusion rate of a typical
chemoattractant (i.e., platelet derived growth factor, PDGF) across
the length of the bypass channel. Over the course of 24 hours, the
typical time between medium exchanges, the chemoattractant mass
transfer due to diffusion across the bypass channel and the
constriction channels was negligible (0.3 % and 0.5% of the initial
PDGF concentration, respectively; see Supplementary Information
for details on the calculations). These results were confirmed by
experiments with fluorescently labeled dextran of comparable
molecular weight, which showed that the concentrations of the sink
and source reservoirs, and hence the chemotactic gradient, remained
stable for at least 24 hours (Supp. Fig. 2).

Int. Bio., 2012, 00, 1-3 | 3
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Validation of rapid and stable gradient formation in device

To confirm the rapid formation of a diffusive gradient across the
migration device, we conducted experiments with fluorescently-
labeled 70 kD dextran placed in the source reservoir. Time-lapse
microscopy revealed that a linear gradient formed within 30 minutes
and remained stable for at least 24 hours (Fig. 2a). Experiments in
which cells were included confirmed that the small openings
between the pillars enabled diffusion between individual constriction
channels, resulting in a uniform gradient across the entire device
(Fig. 2b). For a more detailed analysis of gradient formation, we
performed computational modeling (COMSOL) of the device (Fig.
2a and Supp. Fig. 3), showing that stable linear diffusion gradients
across the constriction channels were formed within 30 minutes, in
strong agreement with imaging results, and indicating that the bypass
channel worked as predicted. As fluid flow through the constrictions
attenuates within a few minutes, and it takes tens of minutes to form
the gradient, we deduce that the gradient forms across the
constriction through diffusion without fluid flow.
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Figure 2. Rapid and uniform gradient formation across the constriction
channels. (a) Time-lapse series of 70 kDa dextran conjugated to fluorescent
Texas Red showing formation of the dextran-Texas Red gradient. The heat
map (bottom) depicts the results of a corresponding COMSOL model of the
gradient formation after one hour. Scale bar, 25 um. (b) Dextran-Texas Red
gradient (red) formation after 10 minutes in a device containing fluorescently
labeled cells (green). Even when some cells block the channels, the 2 pm side
openings between channels allow formation of a uniform gradient. Scale bar,
25 pm. (c¢) Fluorescence intensity profile of the 70 kDa dextran-Texas Red
reveals uniform gradient formation despite partial channel occlusion: a
channel that is locally obstructed with a cell (yellow plot) shows a very
similar gradient as an adjacent, unobstructed channel (blue plot). The two
sets of data were taken from the experiment depicted in panel b, with the
analyzed channels indicated by the blue and yellow arrows. The area where
the cell is obstructing the channel is marked with a green bar in panel c.

To assess the stability of the chemotactic gradient in response to
mechanical perturbation of the device, we imaged a device in which

4 | Int. Bio., 2012, 00, 1-3

Integrative Biology

a stable gradient of 70 kDa dextran had been established. The device
was then turned upside down several times before being placed back
on a confocal microscope and imaged for an additional hour (Supp.
Fig. 3). Consistent with the mathematical modeling, we found that
the gradient remained unchanged after mechanical perturbation of
the device and was stable over the observation period, demonstrating
the robustness of the device to normal handling.

Cells migrate through constriction channels along a chemotactic
gradient

We validated the effectiveness of the gradient on cell migration by
varying the concentrations of the chemoattractant and observing the
number of cells that migrated through the constrictions. Mouse
embryo fibroblasts displayed strongly concentration-dependent
migration along a PDGF gradient, with a more than 10-fold increase
in cells that passed through the migration channels in a 24 hour
period at the highest PDGF concentration compared to cells crossing
in the absence of PDGF (Supp. Fig. 2a and b).

One major motivation for the design of the migration device was to
image cellular movement and deformation during migration through
narrow constrictions at high temporal and spatial resolution. We
performed live-cell imaging of a variety of cell types migrating
through the device, including cancerous cells such as breast cancer,
fibrosarcoma, osteosarcoma and glioblastoma cell lines, human and
mouse fibroblasts (Fig. 3, Supp. Fig. 4c and Supp. Video 1). Cells
maintained a healthy phenotype throughout the duration of the
experiments (ranging from 3 to 14 hours), as evidenced by their
morphology, motility, and undisturbed cell division. Additional
experiments revealed that cells remained viable in the channels for
more than 5 days, making these devices suitable for long-term
endpoint incubator studies. In the time-lapse video microscopy
studies, cell migration along the chemotactic gradient through the
pillars could be followed over several hours by transmitted light
(Supp. Fig. 4c, Supp. Video 2) or fluorescence microscopy (Fig. 3,
Supp. Video 3). The devices are also suitable for imaging fixed and
stained cells: confocal microscopy showed distinct actin fibers above
and below the nucleus of fibroblasts, reaching across the constriction
(Supp. Fig. 4d), suggesting a potential mechanism by which the cells
might pull the nucleus through the narrow opening.”® In addition, the
confocal image stacks confirmed that cells fill the entire height of
the channel and take on the typically more rounded morphology of
cells in 3-D environments, rather than the flat and well-spread
morphology seen on rigid 2-D substrates. The high resolution
imaging capabilities of fixed and live (Fig. 3) cells are extremely
valuable for studies aimed at comparing cellular structure and
organization between 2-D and 3-D migration or to investigate how
cells can squeeze through micrometer-sized pores.

This journal is © The Royal Society of Chemistry 2012
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Figure 3. Nuclear deformation during cell migration through narrow constrictions. (a) Representative time-lapse sequence of a fibroblast expressing
mCherry-Histone4 (red) and GFP-actin (green) migrating through a 2 um-wide constriction. The sequence shows the cell approaching the constriction
(0:00 h), stalling as the nucleus encounters the constriction (1:00 h), slowly protruding into the constriction (2:00-5:00 h), and finally succeeding in travelling
through the constriction (6:00-7:00 h). The white dashed line indicates the area at the center of the constriction used to generate the kymograph shown in panel
b. Scale bar 20 pm. See Supplemental Video 4 for corresponding movie. (b) Kymograph of the cell from panel a moving through the constriction. Each
horizontal line in the kymograph corresponds to the image intensity along the white dashed line in panel (a) over time (vertical direction). The position of the
center of the constriction is indicated by two white arrows. The time-point at which the center of the nucleus passes the center of the constriction (t*) is marked

This journal is © The Royal Society of Chemistry 2013 Int. Bio., 2013, 00, 1-3 | 5
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with black arrowheads. The ‘widening’ of the red signal indicates the elongation of the nucleus into the constriction. (¢) Graphical representation of the
nuclear velocity for cells migration through 2 pm and 5 pm wide constrictions. The time-point at which the center of the nucleus passes the center of the
constriction (t*) is indicated by the black dashed line. The velocity of the nucleus as the cell passes through the constriction can be broken into four phases:*
the nucleus stalls at the entrance of the constriction (I), which is followed by a period of slow increase in speed as the nucleus begins to deform into the
constriction (II); once the center of the nucleus passes the obstacle, its speed increases and the nucleus rapidly slips through the constriction (III);
subsequently, the cell and nucleus resume their “normal” migration speed (IV). Error bars here and in the subsequent figures represent the standard error of the
mean. n =5 cells for 2 pm constrictions; n = 8 cells for 5 um constrictions. (d) Confocal 3-D image reconstruction of the nuclear lamina of a human fibroblast
expressing GFP-prelamin A migrating through a 3 pm-wide constriction. The side projections, apical and basal images show evidence of folding and buckling
of the nuclear lamina in the smallest part of the constriction. Scale bar 5 pm. (e) Time-lapse image series revealing the substantial deformation of the nuclear
lamina during migration. Folds and buckling of the nuclear lamina are visible as the nucleus approaches the constriction (yellow arrowhead), as well as within
the constriction (red arrowheads) and after the nucleus has exited the constriction (green arrowhead). Scale bar 10 um. See Supplemental Video 5 for

corresponding movie.

Nuclear deformability as a limiting factor during cell migration
through narrow constrictions

It has recently been hypothesized that the nucleus constitutes a
limiting factor in cell migration through narrow constrictions® ®
given its increased stiffness relative to the rest of the cell.?
Supporting this hypothesis, we and others have previously shown
that migration efficiency through narrow pores (2-5 um diameter) is
dependent on the levels of the nuclear envelope proteins lamin A/C,"
%12 which largely determine nuclear stiffness.'’ In each of the cell
lines studied in this manuscript, cells were able to migrate through
all of the constrictions, including the smallest (2 x 5 um?). Previous
measurements in cells migrating through collagen pores found the
physical limit of cell migration to be around 7 um? for tumor cells,
corresponding to about 10% of the undeformed nuclear cross-
section.® Our migration devices approach this limit, and wild-type
mouse embryo fibroblasts required increasingly longer times to
migrate through the constrictions when the size was step-wise

reduced from 15 x 5 pm?* to 2 x 5 pm?."?

To investigate the role of the nucleus during cell migration through
narrow constrictions in more detail, we imaged nuclear deformation
in fibroblasts expressing fluorescently-tagged histone H4 (Fig. 3a-c,
Supp. Video 4). As expected, migration temporarily stalled when the
nucleus encountered the constriction (Fig. 3a, ¢+ = 1:00 h); the
nucleus then adopted an hourglass shape as it moved through the
constriction (¢=6:00 h); and the cell eventually regained its initial
velocity after the nucleus passed the obstacle (z=7:00h). The
progression of the cell and nuclear deformation can be further
visualized by plotting a kymograph (Fig. 3b), which reveals more
information on the cell and nuclear velocity at given times and
positions (Fig. 3¢). Consistent with a model previously postulated by
Friedl and colleagues,’ fibroblasts migrating through constrictions
smaller than the size of the nucleus display a characteristic velocity
profile with distinct phases: first, the nuclear velocity stalls as the
constriction impedes the forward movement of the nucleus (Fig. 3c,
phase I; Fig. 3a, 1:00 h); the nucleus then slowly elongates and
protrudes through the constriction as the cell applies increasing
forces to the nucleus (Fig. 3c, phase II; Fig. 3a, 1:00 h to 6:00 h);
once the center of the nucleus has passed the mid-point of the
constriction, the nucleus rapidly slips through the pore, reaching its
peak velocity (Fig. 3c, phase III). Finally, the cell and nuclear
movement resumes with its initial velocity (Fig. 3c, phase IV).

6 | Int. Bio., 2012, 00, 1-3

Interestingly, when comparing the nuclear transit through different
sized constrictions, we found that the peak nuclear velocity was
higher for the 2 pm wide constrictions than for the 5 um wide
constrictions. The increased nuclear peak velocity may be due to
increased (and prolonged) force/elastic energy built-up by the cells
and the subsequent rapid release of elastic energy stored in the
interaction between the compressed nucleus, the confining PDMS
pillars and cytoskeleton.

Nuclear deformation dynamics

Taking advantage of the high-resolution capabilities of our devices,
we observed the deformation of different components of the nucleus
during migration through narrow constrictions to understand how
differences in nuclear structure and composition can modulate the
ability of cells to migrate through tight spaces. Of particular interest
is the nuclear lamina, a dense protein meshwork underlying the
nuclear membrane composed primarily of lamins that recently
emerged as an important modulator of 3-D cell migration.” * ¥’
Mature neutrophils almost completely lack lamins A and C,
which results in more deformable nuclei and enables the cells to
more efficiently migrate and perfuse through tight spaces.” Similar
adaptations in cancer cells, which often have altered expression of
lamins,” may facilitate invasion and metastatic.” We have thus
decided to further investigate the role of lamins during migration
through narrow constrictions.

We first observed the deformation of the nuclear envelope by
imaging cells expressing GFP-prelamin A. These experiments
revealed large scale nuclear deformations and evidence of nuclear
lamina buckling and folding as the nucleus passed through the
constriction (Fig. 3d, see also Supp. Video 5). Such buckling
behavior is an indication that, although the lamina displays elastic
behavior, it is incompressible below a certain threshold, as shown
previously by Dahl et al.'” This effect might have been further
amplified by the overexpression of GFP-prelamin A in our cells,
which could result in more rigid nuclei.’

The buckling of the lamina at the constriction could be indicative of
a loss of nuclear volume during deformation. In micropipette
aspiration experiments, isolated nuclei reduce their volume by as
much as 70% by reducing their aqueous fraction and compacting
chromatin,? In fact, it had previously been hypothesized that lamin
A/C-deficient cells are able to migrate through narrow constrictions
more efficiently than wild-type cells, in spite of their larger nuclei

This journal is © The Royal Society of Chemistry 2012
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size, because they are able to further compress and reduce their
nuclear volume. To address this question, we performed high
resolution live confocal microscopy of lamin A/C-deficient and
wild-type cells expressing fluorescent histone H2B (Fig. 4a, b). We
did not detect any significant reduction in nuclear volume in either
cell lines, indicating that nuclear compaction is not a necessary
mechanism for passage through narrow constrictions. Interestingly,
in wild-type cells we measured a modest (=15%) increase in nuclear
volume immediately after exiting the 3 x 5 um? constriction (Fig.
4c), which was not seen in lamin A/C-deficient cells. Our results
indicate  that deformability, rather than
compressibility (i.e., reduction in nuclear volume), determines the

nuclear nuclear
ability of cells to pass through constrictions that are smaller than the
nuclear cross-section. In particular, we found no indication that
lamin A/C-deficient cells, which transit through small constrictions
significantly faster than wild-type cells,” * %7 show greater changes
in nuclear volume than wild-type cells. Instead, the lamin A/C-
deficient nuclei exhibit larger and more plastic deformations,
enabling them to adjust their shape to the available space and to
squeeze through small constrictions faster, despite their larger size.
These observations are consistent with previous reports that found
that lamin A/C-depleted cells have more deformable nuclei than
controls***? and undergo plastic deformation, even during non-
confined migration.® Such changes in the mechanical behavior of
the nucleus and its interior may be attributed to the role of lamins at
the nuclear,'® ** 3% the nuclear interior,’® %7 or their effect on
chromatin organization.** **

For a more detailed analysis of nuclear deformation, we tracked
individual  naturally-present dense  chromatin  foci (i.e.,
chromocenters) during passage through the constriction (Fig. Sa) and
then computed nuclear strain maps by triangulation between these
foci, as well as the direction and magnitude of the principal strains
for each of these triangles (Fig. 5b-d and Supp. Fig. 5). Lamin A/C-
deficient cells exhibited significantly larger nuclear strains as they
passed through the constrictions than wild-type cells. In particular,
lamin A/C-deficient cells showed larger extension in the migration
direction (principal strain Ej) than wild-type cells (Fig. 5c), while
lateral compression (principal strain Ej;) inside the constriction was
comparable for both cell types (Fig. 5d). Furthermore, the nucleus of
the lamin A/C-deficient cells behaved more like a viscoelastic
material compared to the mostly elastic nuclei of wild-type cells.
This behavior was clearly visible in the time-course of both principal
strains: in the wild-type cells, the principal strains return back to pre-
deformation values within 30 minutes after transit through the
constriction (Fig. Sc, d); conversely, the principal strain values of
lamin A/C-deficient cells did not recover within the measurement
time-frame, consistent with earlier reports of increased and more
plastic nuclear deformability in lamin A/C-deficient cells during
migration on 2-D surfaces."'

To assess whether successful passage through narrow constrictions
could condition the cells to migrate through subsequent constrictions
more easily, we compared the times it takes for human skin
fibroblasts to migrate through a device with multiple constrictions of
the same size (Fig. 1g, right). Cells that passed through two

This journal is © The Royal Society of Chemistry 2012

consecutive constrictions showed a trend towards faster transit times
for the second constriction (Supp. Fig. 6a). However, this effect was
not statistically significant (P = 0.29, n = 12), possibly due to the
fact that only few cells moved through multiple constrictions within
the 24 hour observation period. Therefore, we also analyzed the
average transit times of all cells migrating through the first or second
row of constrictions, without requiring individual cells to pass
through consecutive constrictions during the observation window. In
this case, there was a significant decrease in the transit time for the
second row of constrictions compared to the first row of constriction
(Supp. Fig. 6a). However, these results may be biased towards faster
migrating cells, which would be more likely to have reached the
second constriction by the time we performed the experiments (i.e.,
24 hours after seeding). The existence of such a potential bias is
supported by the overall faster transit times of the cells that migrated
through multiple constrictions compared to cells that only cross a
single constriction during the experimental observation period
(Supp. Fig. 6a). Nonetheless, both analysis approaches showed
similar trends of a 25-50% reduction in transit time for the second
constriction relative to the transit time for the first constriction
(Supp. Fig. 6b). Furthermore, we observed similar results when
studying invasive breast cancer cells (Supp. Fig. 6¢), suggesting that
cells do become better at passing through subsequent constrictions.
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Figure 4: Volume changes during migration through narrow

constrictions. (a) Representative examples of 3-D reconstructions of the
nucleus obtained from confocal image stacks for the volume analysis. The
arrowheads indicate the center of the constriction. (b) Representative
example traces of the volume of the nucleus of three wild-type (Lmna™, left)
and three lamin A/C-deficient (Lmna ™", right) cells during migration through
the microfluidic devices. The data was normalized so that time t = 0 min
corresponds to the time at which the center of the nucleus passes through the
center of the constriction (also indicated with a dashed line). (¢) Average
volumes of wild-type (left) and lamin A/C-deficient (right) cell nuclei
travelling through 3 pm constrictions or 15 pm wide control channels. Values
were normalized to the average volume for a given cell during the entire
measurement duration. The average transit times for each given cell type
through a 3 um channel are shown to demonstrate that there is no significant
loss of volume before passage through a narrow constriction. n = 12 for the
wild type cells and n = 13 for the lamin-deficient cells.
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The above studies were carried out with migration devices in which
consecutive constrictions were separated by =100 pm, so that the
cells required several hours to cover the distance between the
constrictions. Human and mouse fibroblasts typically took 400 — 500
minutes to pass from one constriction to the next, which is several
times longer than the recovery time of wild-type nuclei, i.e. 30 min
(Fig. 5c). As such, we conclude that the observed increase in
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Figure S: Strain maps and quantitative
strain analysis of nuclear deformation during
cell migration through narrow constrictions.
(a) Representative example of a cell expressing
fluorescently labeled histones (green) with
vertices used for strain calculation superimposed
(white). Constrictions are indicated by white
dashed lines. Left, initial image, Right, tracked
images and triangulation of tracked points. (b)
Representative examples of strain maps derived
from the deformation of the triangles in a wild-
type (top) and lamin A/C-deficient (bottom)
cell. Shown are the results for the principal
strains £; and Ej; that represent the maximal and
minimal strains in the orthogonal directions at
which the shear strain is zero. Principal strain £,
typically represented positive strain (extension)
and aligned approximately with the
migration direction; Principal strain Ej; was
negative (compression) typically
perpendicular to the migration direction. For a
more detailed explanation of principal strains,
see Supp. Fig. 5 (¢) Mean area-weighted
average principal strain values of wild-type and
lamin-deficient nuclei migrating through 3 pm-
wide constrictions. Average principal strain £,
during the deformation (t =—20 min to +20 min)
and after the deformation (t =30 min to 70 min)
was compared in ¢’ and ¢”. The lamin A/C-
deficient cells had significantly larger principal
strains both during and after nucleus passage
through the constriction. (d) Average orthogonal
principal strain E; of wild-type and lamin-
deficient nuclei migrating through 3 pm-wide
constrictions. The average principal strain Ej
during the deformation (t =20 min to +20 min)
and after the deformation (t =30 min to 70 min)
was compared in d’ and d”. The orthogonal
principal strain Ej; (i.e., compression) during
migration through the constriction (d’) was not
significantly different between the two cell
types, indicating that the two cell types
underwent similar compressive strain during
nuclear deformation. The nuclear strain in the
wild-type cells immediately after deformation
decreased quickly (d”), indicating that wild-type
nuclei behave as elastic bodies, whereas the
lamin  A/C-deficient exhibit
viscoelastic behavior (slower recovery) with
plastic deformations. (*¥** P <0.001,
compared to wild-type. n = 4 for wild type cells
and n =5 for lamin-deficient cells.)
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migration efficiency through consecutive constrictions is not due to
residual changes in nuclear shape, but likely arises from cellular
adaptations that occurred during or after the passage through the first
constriction. Such adaptations could include changes in the structure
and composition of the nuclear envelope, for example by
phosphorylation or degradation of lamins A/C,* which would render

the nucleus more deformable, or by re-organization of cytoskeletal
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elements to facilitate squeezing the nucleus through narrow
constrictions, such as recruitment of non-muscle myosin IIB to the
back of the nucleus.*’

Taken together, these results suggest that increased deformability,
rather than increased compressibility, is responsible for the ability of
lamin A/C-deficient cells to move through narrow constrictions more
casily than wild-type cells,'? despite their larger nuclear size. This is
particularly relevant in cancer research, where cancer cell invasion
requires passage through dense extracellular matrices and tight
interstitial spaces, which may be aided by reduced expression of
lamin A/C as reported in breast cancer and other tumors.?®
Identifying the molecular mechanisms that facilitate cancer cell
migration through narrow constrictions may offer new avenues for
the development of therapeutic approaches to combat cancer
metastasis.

Experimental Methods

Cell lines

NIH 3T3 cells (a kind gift from Dr. Anthony Bretscher) were
cultured in D10 medium, consisting of high glucose DMEM
(Invitrogen) supplemented with 10% fetal bovine serum (Fisher
Scientific) and penicillin/streptomycin (Lonza). MEFs from wild-
type mice were generously provided by Dr. Colin Stewart*'. Human
SV40 virus-transformed skin fibroblasts (GM00637J), originally
obtained from Coriell Cell Repositories, were stably modified with a
tetracyclin-regulated (Tet-off) GFP-lamin A construct*® provided by
Dr. Tom Glover and maintained as described previously.*
Glioblastoma cells were a kind gift from Dr. Steven S. Rosenfeld
(Cleveland Clinic). 293TN cells were cultured in D10 media
supplemented with 110 mg/L sodium pyruvate.

Plasmids

mCherry-Histone4 was generated in two steps. First cDNA for
mCherry (kind gift from Dr. P. Patwari* was PCR amplified
(Phusion, NEB) introducing the restriction enzyme site for EcoRI
and the Kozak sequence on the 5’ site of mCherry and on the 3’ site
a linker (5’-GGTGGAGGCGGAGGT-3") and the restriction sites

for Avrll and Notl (Fwd-mCherry 5'-
GTAGAATTCTAACCATGGTGAGCAAGGGCG-3' and Rev-
mCherry 5

CTAGCGGCCGCTACCCTAGGACCTCCGCCTCCACCCTTGTA
CAGCTCGTCCATGCCG-3"). The PCR product and the vector,
pCDH-CMV-MCS-EF1-blasti (a kind gift from Dr. R. Kakkar, a
modified version of SBI product, in which the puromycin resistance
gene had been replaced with a blasticidin S resistance gene, were
digested with EcoRI and Notl (NEB) and then ligated. Histone4
(RefSeq NM_001034077.4) was amplified from human cDNA using
the primers Fwd-H4: 5’-CCTAGGTCCGGCAGAGGAAAGGGC-
3’ introducing an Avrll restriction site and Rev-H4 5’-
GCGGCCGCCTAGCCTCCGAAGCCGTACAG-3’ introducing a
Notl restriction site. PCR product and mCherry containing vector
were digested with Avrll and Notl and ligated into the final
construct:  pCDH-CMV-mCherry-Histone4-EF1-blasti. copGFP-
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beta-actin was generated in a similar procedure. copGFP was PCR
amplified with the primers Fwd-copGFP 5-
GAATTCGCCACCATGACCGGTGGCGGAGAGAGCGACGAG

AGCGGCC-3’  introducing EcoRI and Rev-copGFP 5’-
GCGGCCGCTACCCTAGGTCCGCCGCGAGATCCGGTGGAGC
CG-3’ introducing a linker (GGCGGA) and the restrictions sites for
Avrll and Notl. The amplicon and vector (pCDH-CMV-MCS-EF1-
puro, SBI) were digested with EcoRI and Notl and ligated. Human
beta actin (RefSeq NM_001101.3) was PCR amplified using the

primers Fwd-ACTB 5"
CCTAGGGATGATGATATCGCCGCGCTCG 3’ introducing Avrll
and Rev-ACTB 5'-

GCGGCCGCCTAGAAGCATTTGCGGTGGACGATG-3'.
Amplicon and copGFP vector were digested with Avrll and NotI and
ligated to the final construct pPCDH-CMV-copGFP-hBetaActin-EF 1-
puro.

Lentiviral infection

NIH 3T3 fibroblasts were modified with lentiviral particles to stably
express mCherry-Histone4 or copGFP-beta-actin. Pseudoviral
particles were generated by transfection of 293TN cells with the
cloned pCDH vectors and the second generation lentiviral vectors
psPAX2 and pMD2.G (provided by Dr. Didier Trono) using
PureFection transfection reagent following the manufacturer’s
instruction. The medium was changed the next day and virus-
containing supernatant was collected the following two days,
centrifuged at 2,000 x g for 15 min at 4 °C and filtered through a
0.45 um pore syringe filter. The filtrate was supplemented with
PEG-it following the manufacturer’s instructions (SBI). Briefly,
PEG-it was added to the filtrate, stored at 4 °C for 1-2 days, and
centrifuged at 3,000 x g for 30 min at 4°C. The pellet was
suspended in PBS (Invitrogen) as a 100% stock and stored at -80 °C.
For transduction of NIH 3T3 cells, D10 was supplemented with
concentrated pseudoviral particles and 8 pg/mL Polybrene (Sigma).
For selection of virally transduced cell lines, 5 pg/mL puromycin
and/or 8 pg/mL blasticidin S (both from Sigma) were added to the
culture medium 48 h post transduction.

Device fabrication

Molds of the final device design were fabricated using 2-layer SU-8
photolithography. In this process, a 5 um thick layer of SU-8
photoresist was first patterned using one mask, and a second layer of
SU-8, 250 um thick, was patterned on top with a different mask as
described below, resulting in SU-8 features with two different
heights. Device designs were drawn in AutoCAD (Autodesk, San
Rafael, CA) and photolithography masks were fabricated using a
Heidelberg DWL 2000 Mask Writer.

SU-8 2010 photoresist (MicroChem, Newton, MA) was spun onto a
clean, dehydrated (baked at 200 °C for 30 minutes) 4-inch silicon
wafer to achieve a height of approximately 5 pm. The photoresist-
coated wafer was then baked at 60 °C for 10 minutes and exposed to
ultraviolet light on an ABM contact aligner (Scotts Valley, CA). The
wafer was baked once again at 95 °C for 3.5 minutes. The wafer was
developed in SU-8 developer (Microchem, Newton, MA); tape was

Int. Bio., 2012, 00, 1-3 | 9

Page 10 of 14



Page 11 of 14

placed over the alignment marks and a 250 um tall layer of SU-8
2075 was spun on top of the first layer. After removing the tape, the
wafer was baked at 50 °C for 24 hours and exposed using the mask
for the 250 um features and aligning the mask to the wafer with the
optical alignment marks. The wafer was then baked at 95 °C for
30 minutes, cooled down and developed in SU-8 developer. Finally,
the wafer was coated with (tridecafluoro-1,1,2,2-tetrahydrooctyl)
trichlorosilane, providing an anti-stiction to facilitate
demolding.

layer

A sample of two-component Sylgard 184 PDMS kit (Dow Corning,
Midland, MI), was mixed in a 10:1 ratio, following manufacturer’s
recommendations, and then degassed in a desiccator under vacuum
to remove air bubbles. The solution was then poured onto the SU-8
master in a petri dish and placed in an oven at 65 °C for 2 hours to
cure the PDMS. After curing, the PDMS was peeled from the wafer
and cut to size. The reservoirs for each device were cut out using a
6 mm diameter Harris Uni-Core biopsy punch (Harris Uni-Core, Ted
Pella, Inc.), while the perfusion channel inlet and outlet for cell
seeding were cut out with a 0.75 or 1.2 mm diameter punch.
Coverslips were cleaned with 0.2 M HCI, rinsed with water and
isopropanol, dried, and placed into a plasma cleaner (Harrick
Plasma, Ithaca, NY) along with PDMS devices. The coverslips and
PDMS pieces were treated with air plasma for 5 minutes at
200 Watts. The PDMS and glass coverslips were then placed into
contact with each other and baked on a hotplate at 95 °C for 5
minutes to improve bonding. Devices were then cooled at room
temperature and filled with 70% ethanol inside a tissue-culture hood
to sterilize the migration device. The devices were then rinsed with
sterile water by aspirating the ethanol solution and filling one well
with sterile water to flush out the ethanol, repeating once.

Experimental validation of gradient formation

Devices with a constriction channel height of 5 um were prepared as
described above and further incubated overnight with 3% bovine
serum albumin (BSA) to prevent adsorption of dye to the PDMS
surfaces. Prior to the experiments, the BSA solution was removed
from both reservoirs of each device and replaced with fresh PBS; the
PBS in the source reservoir was supplemented with Texas Red-
labeled 70 kDa dextran. A glass coverslip was placed on top of the
reservoirs to minimize evaporative loss of fluid over the course of
the experiment. The devices were imaged on a confocal microscope
(Zeiss LSM 700) and images of the constriction channels were taken
at regular intervals, starting as soon as the device was filled and
placed on the microscope.

Fluorescence intensities across the constriction channels, the 15 pm
wide channels, and in the 250 um tall sections of the devices were
analyzed in Imagel. Briefly, a “plot profile” was measured along a
section spanning the entire length of the channel but excluding the
constriction pillars to compute the average fluorescence intensity
distribution along the channel length. In addition, we determined the
fluorescence intensity values inside the sink and source reservoirs at
the same time-points. These data were then binned and expressed as
a normalized concentration, where 1 corresponds to the maximum
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observed concentration and 0 to the minimum observed

concentration:

Intensity (x)—Intensityuin

Normalized concentration(X) = (16)

Intensitypax
Where [Intensity(x) represents the local fluorescence intensity,
Intensity,y,, the maximal fluorescence intensity value in the device,
and Intensity,y;, the minimal fluorescence intensity value measured
in the device (after binning).

Device preparation and cell seeding

Following the sterile water rinse, devices that were destined for cell
migration studies were filled with 0.2 mg/mL fibronectin (Millipore)
in phosphate buffered saline (PBS) and incubated for at least 2 hours
at 37 °C. Cells were trypsinized, counted and suspended in complete
medium (DMEM containing 10% fetal bovine serum) at a density of
5 x 10° cells/mL. The migration devices were rinsed with complete
medium and aliquots of 4 uL. were added to the cell inlet ports,
corresponding to 20,000 cells. The cells were then allowed to attach
overnight before changing the medium.

Migration studies to assess the effect of the chemoattractant were
carried out in the incubator. Twenty four hours after seeding NIH
3T3 mouse embryonic fibroblasts (MEF), images were taken of the
migration devices. The medium was then changed in both reservoirs
simultaneously: the medium on the side of the cells was replaced
with complete medium, whereas the reservoir towards which the
cells migrated was replaced with complete medium containing
concentrations of PDGF varying from 0 to 200 ng/mL. Migration
devices destined for live cell imaging were treated similarly: the
medium was replaced 24 hours after seeding with phenol-red free
medium containing 25 mM HEPES (Gibco). Immediately following
medium change, the devices were covered with a coverslip seal the
device and limit medium evaporation.

Cell migration speed analysis

To assess the effectiveness of the chemoattractive gradient on
migration, pictures of the migration devices were taken 24 and
48 hours after seeding NIH 3T3 fibroblasts and the media were
changed every day. Images were acquired with a Zeiss
epifluorescence microscope using a 10x objective. Results were
reported as the average number of cells that had migrated through
the devices, over the course of two experiments.

Devices destined for live cell imaging were placed on the heated
stage of a Zeiss LSM700 confocal microscope (AxioObserver)
equipped with a CCD camera (CoolSNAP EZ, Photometrics), and a
motorized stage (Zeiss). Images were acquired either in confocal or
epifluorescence modes, using 20x air or 63x oil immersion
objectives. Positions were set and imaged every 2 to 10 minutes.
Image stabilization was achieved using a focus stabilizer and x-y-
drift was corrected after the experiment using a cross-correlation
algorithm in MATLAB.
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The position of the front and back of the nucleus were measured in
time-lapse experiments in which images were taken every 2 minutes
using a 63x objective. The velocity of the nucleus was then
determined as the average of the front and back positions over time.
Kymographs were generated in MATLAB along the migration
direction by averaging a 7 pixel wide line to a single value and
plotted over time. The centre of the constriction was recorded at this
point. The time values were normalized to the time at which the
centre of the nucleus passes the centre of the constriction and data
from multiple cells were then averaged.

Immunohistochemistry

Migration devices were prepared as mentioned above for live cell
imaging. Cells were fixed in cytoskeletal buffer (10 mM MES
pH 6.1, 150 mM NaCl, 5 mM EGTA, 5 mM glucose, and 5 mM
MgCl2) containing 0.3% glutaraldehyde and 0.25% Triton X-100 for
30 min at room temperature and incubated overnight at 4 °C in
cytoskeletal buffer containing 2% glutaraldehyde. The samples were
incubated with 0.1% NaBH4 (freshly-prepared in PBS) for 30
minutes and washed three times with PBS, 8 hours each at 4 °C.
(Adapted from a previous protocol.*’) The samples were blocked
overnight in blocking solution (10% horse serum (vector), 3% BSA
(Sigma) in PBS) and stained with primary antibody (rabbit anti-
vimentin, a kind gift from Dr. Thomas Magin) for a minimum of
18 hours at 4 °C. Following three washes with PBS, (8 hours each)
samples were incubated with secondary antibody in blocking
solution (Invitrogen) for 18 h at 4 °C. After two 8 h PBS washes the
samples were stained with fluorescent conjugated phalloidin
(Invitrogen) overnight followed by a Hoechst 33342 (Invitrogen)
stain for 3 h at 4 °C. The samples were stored in 0.05% NaNj
(Sigma) in PBS at 4 °C and imaged the same day.

Volume measurements

Confocal images of cells in migration channels expressing histone
H2B mNeonGreen were obtained at planes 0.33 um apart and every
10 minutes. These images were saved in ZEN software and analyzed
using Volocity software. To ensure that the reconstructions reflected
the true shape of the nucleus, settings were used in the software such
as filling of holes and noise removal. The software calculated
volume, surface area and centroid position measurements for each
time point. Only cells that had not yet entered the constrictions were
picked for these measurements, resulting in 12 cells for the wild-type
cells and 13 cells for the lamin-deficient cells. For comparison, the
volume values were normalized to the average volume during the
entire measurement. These were then averaged and plotted.

Nuclear deformation measurements

identifiable
chromocenters (bright H2B-mNeonGreen foci) were chosen for
analysis. The individual chromocenters were tracked using the
Manual Tracking Imagel plugin. As foci showed little displacement
in Z-direction, tracking was limited to in-plane displacements.
Intranuclear deformation maps were computed using the Green-
Lagrange strain definition based on the change in length of the

Confocal 1images containing several easily
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vertices of triangles defined by the chromatin foci, following
procedures previous established for cytoskeletal deformation
fields.*® In brief, Delaunay triangulation was performed to generate a
set of triangles from the tracked points in which the circumcircle
associated with each triangle contains no other point in its interior.
The Lagrangian strain tensor was then computed for each triangle at
each time point based on the following equation, ds* — dS*> = 2(E,
da?+2 E,, da, da, + E,, dayz), where ds is the distance between
adjacent vertices of interest in the deformed state, dS the initial
distance between the same vertices, da, and da, are the projected
initial distances on the x- and y-axis, respectively, and E,,, E,,, and
E,, the three components of the symmetric strain tensor, £. The
above relationship can be applied to the three sides of each triangle,
resulting in a system of three equations that can be solved for E,,,
E,,, and E,,. The resulting strain tensor then describes the average
strain inside the triangle formed by three adjacent vertices over time.
The magnitude and orientation of the principal strains E; and Ej;
were computed from the eigenvalues an eigenvectors of the strain
tensor E. The average magnitude for each principal strain was
calculated for each cell at each time point, using the (initial) area of
each triangle to weigh the contribution of each triangle to the overall
nuclear strain. These were then averaged for each time point and
plotted.

Statistical analysis

All cell migration data are based on at least three independent
experiments. Statistical analysis was performed with PRISM 3.0
software (GraphPad). Groups were compared by unpaired Student’s
t-test with Welch’s correction to allow for different variances. Data
are expressed as mean + S.E.M. For all experiments, a two-tailed P-
value of less than 0.05 was considered significant. Error bars
represent the standard error of the mean.

Conclusions

A better understanding of how cells overcome the mechanical
constraints and confinement of their 3-D surroundings is highly
relevant for a variety of physiological phenomena and diseases that
require cell migration through dense tissues or interstitial space,
including embryonic development, leukocyte migration to sites of
inflammation, or cancer metastasis. We have designed a microfluidic
device capable of imaging live cell migration at high resolution in
physiologically-relevant 3-D environments. Using this device, we
have quantified the dynamic deformations as cells squeeze through
tight spaces. We identified specific differences in nuclear mechanics
in cells lacking lamins A/C, which is poor prognosticator in certain
types of cancer.*”> ** Future applications will further investigate the
molecular mechanisms by which (cancer) can overcome the
resistance of the large nucleus to migrate through narrow
constrictions, assess the consequences of the considerable forces
exerted on the nucleus on nuclear and genomic integrity, as well as
further minimize the size of the constrictions to test the physical
limits of 3-D cell migration.
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