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Abstract
To study the roles of nonmuscle myosin II (NM-II) during invasive cell migration, microfluidic
migration chambers have been designed and fabricated using photo- and soft-lithography
microfabrication techniques. The chamber consists of two channels separated by a vertical barrier
with multiple bays of pores with widths varying from 6 µm to 16 µm, and lengths varying from 25µm
to 50µm. The cells are plated in the channel on one side of the barrier while a chemoattractant is
flowed through the channel on the other side of the barrier. In these chambers, cells can be observed
with transmitted light or fluorescence optics while they chemotax through various sized pores that
impose differential mechanical resistance to transmigration. As an initial test of this device, we
compared breast-cancer cell chemotactic transmigration through different pore sizes with and without
inhibition of NM-II. Two distinct rates were observed as cells attempted to pull their nucleus through
the smaller pores, and the faster nuclear transit mode was critically dependent on NM-II motor
activity. The ability to monitor cells as they chemotax through pores of different dimensions within
a single experimental system provides novel information on how pore size affects cell morphology
and migration rate, providing a dramatic improvement of imaging potential relative to other in
vitro transmigration systems such as Boyden chambers.
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1 Introduction
Transmigration, the ability to migrate across cellular barriers such as epithelial or endothelial
tissues, is important for both normal immune function and cancer metastasis. During normal
immune surveillance, leukocytes cross the endothelium to enter the interstitial space, while
metastatic cancer cells dispersed via the vascular system must breach vessel wall tissue at least
twice: during entry into the vasculature (known as intravasation), and again exiting the
vasculature to establish secondary tumors (known as extravasation) (Sherwood, 2006;Rowe
and Weiss, 2008). Recent evidence suggests that nonmuscle myosin II’s (NM-II’s) may be
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differentially activated for force generation during transmigration compared to free migration
on 2-D substrates (Lammermann et al., 2008). NM-II’s are filament forming mechanoenzymes
that interact with the actin cytoskeleton to generate force. They are the cellular motor proteins
responsible for generating approximately 85% of traction forces, indicating they might have
an important role in transmigration (Cai et al., 2006). Despite its critical function in traction
force generation, inhibition of NM-II motor activity with the NM-II specific inhibitor
blebbistatin can actually increase cell migratory rate during free migration on a 2-D substrate
(Even-Ram et al., 2007;Liu et al., 2009). However, blebbistatin treatment has been shown to
selectively inhibit leukocyte migration in dense collagen gels (3 mg ml−1) compared to less
dense collagen gels (0.75 mg ml−1) (Lammermann et al., 2008).

Despite the ubiquity and importance of transmigration, it remains a difficult process to study,
in part because transmigration occurs in complex environments not readily amenable to live
cell microscopic imaging. A common assay for studying transmigration is the Boyden chamber
assay in which cells migrate across a filter towards a passive chemotactic gradient. While much
knowledge has been gained from typical in vitro assays such as Boyden chambers, migration
assays in matrigel, or their combination (Shaw, 2005), these assays suffer from three primary
drawbacks when it comes to studying cell migration dynamics. First, they are relatively bulky
and the migration events occur too far from the surface to readily image cells during migration,
consequently they are primarily end-point assays and cannot be used for live cell imaging.
Second, these systems rely on uncontrolled chemo-attractant gradients to induce migration;
the gradients dissipate over time providing an unstable stimulus to the cells. Third, specifically
regarding Boyden chambers, each chamber consists of pores of the same diameter. In order to
study the effect of pore dimension using the same experimental conditions, multiple
experiments need to be run using multiple chambers. Particularly in view of the temporal decay
of the gradient in Boyden chambers, this introduces hard to control variability. A more useful
tool to gain increased understanding of transmigration would provide the ability to perform
time-lapse live cell imaging as cells squeeze through narrow pores of graded dimensions.

Microfabrication techniques allow precise control over the stability and shape of biochemical
gradients, improving on the uncontrolled gradients of previous assays. Microfabrication has
been used to implement numerous approaches to study chemotaxis, providing valuable
insights. However, most follow unconstrained cell migration and cannot be used to study the
effects of transmigration through mechanically restrictive pores. Gradient generators using
pyramidal mixing networks or parallel dividers to the direction of flow can be used to generate
stable, linear or nonlinear gradients, respectively (Jeon et al., 2000;Irimia et al., 2006). Standard
soft-lithography techniques permits these devices to be made on coverslip glass such that
cellular response to these gradients can be monitored using time-lapse microscopy to study
chemotactic behavior (Li et al., 2002;Saadi et al., 2006). Other techniques have created devices
that generate gradients by using microvalves to control free diffusion between a source and
sink microchannel or diffusion through a membrane (Frevert et al., 2006;Wu et al.,
2006;Abhyankar et al., 2006). Still other techniques have used microfluidics to apply a
diffusional gradient across cells cultured within, or migrating through, hydrogels (Cheng et
al., 2007;Wong et al., 2008).

Recently, approaches have been utilized that separate convective flow from diffusion by
connecting two or more delivery channels with a microchannel (or chamber) perpendicular to
the direction of flow (Irimia et al., 2007;Saadi et al., 2007;Atencia et al., 2009). These devices
allow the study of chemotaxis in linear or complex gradients without the confounding effects
caused by convective flow (Walker et al., 2005;Beta et al., 2008). Saadi et al. (2007) filled
their microchannels with collagen type I to study migration within gels, while Irimia D. et
al. (2007) look specifically at cell migration within mechanically restrictive pores by keeping
the pore length 15× greater than the length of a leukocyte, and the pore dimensions uniform
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throughout the chamber. To further the understanding of transmigration mechanisms, this work
presents a complementary device for the examination of how pore dimension affects
transmigration. Constrained migration initiates migratory mechanisms different from those
used during standard cell migration (Wolf et al., 2003;Friedl, 2004;Lammermann et al.,
2008). In order to identify the cytoskeletal components that are differentially engaged during
restrictive transmigration one must be able to differentiate between degrees of restrictive
transmigration. Here we present the “transpore chamber,” a microfluidic device to study the
effects of pore dimension on chemotactic transmigration. The transpore chamber couples a
chemotactic gradient with transverse micro-pores that vary in width and length. This provides
a unique tool to study differential engagement of cytoskeletal components at different levels
of restrictive migration.

The transpore chamber is a novel microfluidic device that generates relatively stable gradients
within transverse microchannels between a chemoattractant chamber and cell chamber. It
expands on similar designs by included pores of graded width and length to better understand
how pore dimension affects transmigration. To demonstrate the efficacy of the transpore
chamber for studying cytoskeletal dynamics during transmigration studies, we monitored the
effects of blebbistatin treatment on the speed of the breast cancer cell MDA-MB-231 as they
migrate through pores of different dimension. Blebbistatin treatment differentially affects
migration at narrower dimensions suggesting that NM-II force is specifically engaged during
transmigration. The transpore chamber provides a robust experimental assay for the expanded
study of cytoskeletal dynamics during transmigration.

2 Materials and methods
2.1 Fabrication and characterization

Chambers were designed using AutoCAD (Autodesk, Inc.) and used to generate a chrome
coated soda-lime glass transparency mask. Master molds for the devices were made by
patterning SU-8 2025 (Microchem Corp.) coated silicon wafers using standard
photolithography techniques. Poly(dimethyl siloxane) (PDMS, Sylgard, Dow Chemical)
replicas were made by casting PDMS over the SU-8 masters. Flow ports were punched into
the PDMS replica using a sharpened 3/8” diameter copper tube. PDMS replicas were then
bonded to coverslip glass (22 × 60 × 0.15 mm) via treatment with oxygen plasma followed by
heating at 100°C for 5 min. Scanning electron microscope micrographs were taken of non-
bonded PDMS replicas using the environmental mode of a Quanta 200 3D SEM (FEI).
Molecular transport through the pores was characterized by using a 0.001% (w v−1) fluorescein
isothyocynate dye dissolved in PBS as a small molecule marker flowed in one inlet and PBS
alone flowed in the other inlet. All linescans and image analysis was performed in Matlab (The
Mathworks, Inc.).

2.2 Computation fluid dynamics (CFD) and transport modeling
To verify gradient formation and stability, we carried out simulations using Comsol CFD
software (3.5a, Comsol, Inc.). The chamber model in 2D was imported into Comsol and
extruded to obtain a full 3D model of the chamber and the gates. The 3D model was meshed
to obtain 613672 elements. Fluid dynamics calculations utilized the Navier-Stokes equations
with a fluid density of 1000 kg m−3 and viscosity of 8×10−4 Pa-sec. Molecular transport
calculations involved the species conservation law and Fick’s diffusional transport with a
diffusion coefficient of 1×10−9 m2 sec−1. The solution for velocity profile was first obtained
followed by the concentration profile.
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2.3 Experimental setup
Human breast cancer cells (MDA-MB-231) were obtained from American Type Culture
Collection and maintained in Minimal Essential Media (Gibco) supplemented with 10% fetal
bovine serum (FBS), 1% L-glutamine, and 1% penicillin/streptomycin. Cells were incubated
in low serum (1% FBS) media for 12–16 hours prior to loading into the transpore chamber.
The chamber was pretreated with a 50 µg mL−1 bovine fibronectin solution and incubated for
1 hour at room temperature. The fibronectin solution was then flushed out of the chamber with
low serum media. Adherent cells were detached using a non-enzymatic dissociation buffer
(Invitrogen, cat. 13151014), and resuspended in low serum media. DNA was stained by adding
the far-red fluorescent DNA dye DRAQ5 (Biostatus Limited) at a concentration of 40 µM to
media prior to cell loading into the chamber. Cells at a density of 8×106 cells mL−1 were
injected into one inlet while low serum media was injected into the other channel. The chamber
was then incubated at 37°C and 5% CO2 for one hour to allow the cells to attach and spread.
The cell side channel was then connected to a syringe with serum free media and the opposite
channel connected to a syringe with 10% serum media. The device was then placed on a Leica
AM TIRF MC System (Leica Microsystems) temperature controller and CO2 incubation
chamber (Leica Microsystems, GmbH) and an ImageEM C9100-13 EMCCD camera
(Hamamatsu). The syringes were connected to a syringe pump (Harvard apparatus PHD
22/2000 Advance Syringe Pump). Media was then pumped into the chamber at 2 µl min−1. For
experiments using the nonmuscle myosin II inhibitor blebbistatin, blebbistatin was added to
the perfusion media of both syringes at a concentration of 100 uM (Calbiochem, USA). All
images were acquired using a 20× 0.5 NA dry objective. Fluorescent images were acquired
using a 633 nm laser.

3 Results
3.1 Chamber characterization

The transpore chamber is made of PDMS bonded to coverslip glass (Fig. 1A). The chamber
consists of two channels separated by a vertical barrier with a series of gaps, like a picket fence,
creating pores for cells to crawl through. Pores of the same size are grouped into clusters of
ten and each new cluster starts 500µm downstream from the previous cluster. The length of
each pore, determined by the wall thickness, is initially 50 µm long. Beginning 1000 µm
downstream from the inlets there is a cluster of 6 µm wide pores, then a cluster of 8 µm wide
pores, then a cluster of 12 µm wide pores, then a cluster of 16 µm wide pores (Fig. 1C upper
row). The length of the pores is then reduced to 25 µm and the same sequence of pore widths
is repeated (Fig. 1C, lower row). Experiments are run by preferentially loading cells in one
channel and monitoring transmigration while a chemoattractant is flowed in the other channel
(Fig. 1B). SEM images were taken of the different pores within the chamber, illustrating that
the pores have vertical sidewalls and dimensions consistent with the design(Fig. 1C). The entire
chamber is 2,800 µm across, consisting of the cell loading channel (1,375 µm wide) and the
chemoattractant channel (1,375 µm wide) separated by the 50 µm or 25 µm barrier. The height
of the chamber is ~ 40 µm. The entire device design is such that it can fit onto a 22 × 60 mm
glass coverslip.

Fetal bovine serum (FBS) contains a mixture of chemokines varying in size from 430 Da
(formyl-methionyl-leucyl-phenylalanine) to 13 kDa (chemokine ligand 2) and is often used to
study the chemotactic response of various cell types(Li and Bresnick, 2006;Beadle et al.,
2008;Mishima and Lotz, 2008;Bulotta et al., 2009). For ordinary diffusion-based transport in
a pore of length L the concentration gradient will depend on the solution concentration at the
two ends of the channel, irrespective of the molecular size of any particular compound (Bird
et al., 2006). Therefore, fluorescein (376 Da) provides an appropriate tracer to analyze the
shape of the serum chemoattractant gradient used for live-cell experiments. To better
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understand the behavior of the chemoattractant gradient, a fluorescein gradient was established
within the pores by connecting a syringe with 0.001% fluorescein solution to one inlet and a
syringe with PBS to the other inlet. The solutions were then pumped into the chamber with a
flow rate of 2 µl min−1. For experiments with cells, 10% FBS media was flowed into one
channel while serum free media was flowed into the cell loaded channel. After flow began it
took approximately 15 minutes for the solutions to reach the chamber, at which point the
gradient was established immediately. The gradient concentration profiles of fluorescein were
analyzed and a 3D simulation of small molecule transport at steady state was performed using
COMSOL Multiphysics. Details of the gradient at 50 µm long pores at 6, 8, and 12 µm widths
from both simulation and experimental data (Fig 2A) show a gradient forming within the each
pore with the gradient broadening slightly at each pore size downstream in the channel. The
dynamics and stability of the gradient were analyzed by performing a timelapse experiment of
the fluorescein flow (Fig. 2B). The direction of the gradient is stable over long periods of time
but the magnitude has a mild oscillatory behavior, possibly due to bulk flow effects introduced
by the syringe pump.

In order to assess the effectiveness of the gradient on biasing the transmigration of MDA-
MB-231 cells, the migratory direction through all pores was monitored in the presence and
absence of a gradient. To load cells into the chamber, they are manually injected into one
channel. During this process, cells flow through the larger pores, and during mixing will
populate the entire length of the both channels. Because the cells were attaching in both
channels, this provided the opportunity to determine the effectiveness of the serum gradient to
stimulate chemotactic migration by monitoring the direction of transmigration with and without
a serum gradient. Migration events across the chamber barrier typically occur in five distinct
steps. Cells first come into contact with the central barrier. Second, they identify a pore by
extending processes into it and then migrate to the pore opening. Third, the cells begin moving
their cell body into the pore and begin transmigration. Fourth, the cells then extend processes
out of the other side of the pore. Finally the cell body exits the pore and the cell crawls out into
the opposite channel. The time it takes to identify and approach a pore varied depending on
the initial position of the cell and the local cell density. In order to isolate the transmigration
mechanism as much as possible, transmigration events were scored as the time it took the cell
to go from step three to step five (initiation of cell body movement into the pore until cell body
exit). The cell body was identified manually in bright field images, or by the location of the
nucleus in fluorescent images. In the absence of gradient (1% serum in both channels of the
device) cells migrate randomly, showing no bias in their migratory direction (53% migrated
in one direction, 47% in the opposite direction). When there is a gradient present, 86% of all
control transmigration events are towards the gradient. The serum gradient provided
appropriate directional cues for the cells to interpret and migrate towards while the mild
oscillations did not have a noticeable deleterious effect on migration. The cells may not have
been able to sense the oscillations due to the time averaging of chemotactic signals that occurs
during signal transduction, or the magnitude of the oscillations may not have been severe
enough to disrupt polarized migration (Berg and Purcell, 1977;Bialek and Setayeshgar,
2005).

3.2 Cells migrate through narrow pores at two different rates
The benefit of the transpore chamber is that it allows the visualization of all steps in the
transmigration process. Once cells have oriented themselves in the gradient, they identify the
pore opening by extending lamellipodia in the direction of the pore opening (Fig. 3A and 3B).
Once the cell has contacted the pore opening with a protrusion, its body is pulled towards the
pore opening. Within the transpore chamber there appear to be two distinct rates of
transmigration that can be differentiated once the cell body is wedged into the pore opening:
either the cell body and nucleus are rapidly contracted to fit within the pore (Fig. 3A, Fig. 4A

Breckenridge et al. Page 5

Biomed Microdevices. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



and Online Resource 1) or the cell continues extending through the pore until the cell body is
slowly pulled behind it (Fig. 3B, Fig. 4B and Online Resource 1).

While we expected to differentiate transmigration times at different pore sizes, it was surprising
to see such a wide range of transmigration times at the same pore size. Transmigration times
were scored as the time it takes the nucleus to traverse from one side of the 50 µm pore to the
other. The 150 minute point was chosen to delineate between ‘fast’ and ‘slow’ populations of
cells based on the apparent separation in the distributions of transmigration at 50 × 6 µm and
50 × 8 µm pores (Fig. 3C and Fig. 5A). At 50 × 6 µm pores, there was a population of ‘fast’
cells (n = 11) that had an average transmigration time of 87±25 minutes and a population of
‘slow’ cells (n = 8) that had an average transmigration time of 241±57 minutes. (Fig. 3C). At
50 × 8 µm pores the ‘fast’ pool (n = 8) had an average transmigration time of 70±28 minutes
while the ‘slow’ pool (n=13) had an average transmigration time of 270±64 minutes (Fig. 5A).
However, at 50 × 12 µm the slower population is absent and cells appear to have a single mode
of transmigration with a time of 130±66 minutes (Fig. 5B).

Because the transpore chamber allows for live imaging of cells as they migrate through pores,
we were able to further characterize the behavior of both pools of cells. The ‘slow’ cells took
longer to both contract their nuclei into the pore and had a longer dwell time within the pore
compared to ‘fast’ cells (Fig. 3A and B). While traversing the pore the nuclei of ‘slow’ cells
often stalled at the pore entrance while they extended protrusions into the pore compared to
‘fast’ cells which underwent a single smooth movement, suggesting that contracting the nuclei
into the pore might be rate limiting during transmigration (Fig. 3D and E)

3.3 Nonmuscle myosin II is required for rapid transmigration
NM-II is the primary protein involved in generating contractile forces within the cell and has
been shown to be instrumental in generating traction forces required for the retraction of the
trailing edge during integrin-dependent migration and protrusive forces during amoeboid like
migration (Ridley et al., 2003;Lammermann and Sixt, 2009). To better understand NM-II’s
involvement in transmigration, the effect of inhibiting NM-II motor activity on migration at
the different pore sizes was analyzed. Experiments performed with 100 µM blebbistatin in the
perfusion media caused the leading edge of cells to change from the standard broad lamellipodia
to multiple long string-like projections and caused the typically tapered cell rear to have trailing
string-like attachments (Fig. 6A). Blebbistatin treatment also affected how cells were able to
migrate, largely eliminating the faster transmigration times seen in control cells (Fig. 6C, Fig.
5C–E). At 50 × 6 µm pores the average transmigration time was 392±173 minutes (n=19)
which was comparable to the ‘slow’ pool from the control. This effect can also be seen at 50
× 8 µm pores as well, where the mean transmigration time is also slow, 342±162 minutes
(n=21). However at 50 × 12 µm pores; the blebbistatin treated cells migrated faster(159±146
min) than cells at the smaller pore dimensions and had a distribution of transmigration times
visually indistinguishable from control cells at pores of the same dimension (Fig. 7).

Boxplots of transmigration times ± blebbistatin emphasize that blebbistatin’s inhibitory effect
on transmigration is manifest primarily at the smaller pore dimensions (Fig. 7). The role of
NM-II in rapid migration is less prominent at shorter pore lengths. At 25 µm pore lengths,
blebbistatin treatment only inhibits rapid migration 25 × 6 µm pores, while transmigration rates
at 25 × 8 and 25 × 12 were apparently unaffected (Fig 8).

4 Discussion
In this work we demonstrate the efficacy of a microfluidic device for high-throughput studies
of pore dimension effects on chemotactic transmigration. During in vivo transmigration the
cell must squeeze its cell body through a narrow space. This process requires the coordinated
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contraction of the cell body in addition to the normal propulsive and contractile forces of cell
migration. The cell nucleus is the stiffest component of the cell, and therefore a likely rate
limitation during transmigration (Hu et al., 2005;Ofek et al., 2009). In fact, previous studies
have shown that nuclear kinesis is rate limiting during neuronal cell migration (Schaar and
McConnell, 2005). Expanding on that finding, we demonstrate a differential effect of
blebbistatin treatment on transmigration times that suggests that NM-II activity is required for
nuclear kinesis during rapid transmigration (Fig. 7). Without NM-II activity, cells were unable
to rapidly migrate through narrower pores while transmigration times through wider pores were
unaffected, indicating that nuclear contraction is a vital step for rapid transmigration. However,
the inability of NM-II inhibition to completely inhibit transmigration indicates that there are
other NM-II independent mechanisms contributing to transmigration.

During in vivo transmigration across endothelial layers, NM-II most likely serves multiple
functions. During migration, NM-II is localized both at the cells leading and trailing edge. NM-
II at the leading edge has been indicated in pulling the nucleus forward and in acting at the
base of leading edge protrusions differentially contracting some protrusions over others, giving
direction to cell migration (Galbraith and Sheetz, 1999;Lo et al., 2004). At the trailing edge,
NM-II has been implicated in both disruption of adhesions at the cell rear and generating
propulsive forces that push the nucleus forward (Pan et al., 2009).

Although paracrine signaling and chemotaxis are clearly involved in cancer cell intravasation
and extravasation, the signaling and mechanical events that mediate this form of transmigration
are poorly understood (Condeelis and Pollard, 2006). Metastatic cancer cells almost certainly
utilize both integrin-based ‘mesenchymal’ and ‘amoeboid’ like migration mechanisms during
this process, transitioning between the two modes as environment dictates (Pankova et al.,
2009). Some of the most interesting and unknown aspects of transmigration are what
cytoskeletal machinery is involved as the cell penetrates the tissue barrier, protrudes through
the barrier, as it retracts its nucleus across the barrier, and how each of these steps is coordinated.
The transpore system will facilitate dissecting these processes, and in particular will facilitate
dissecting rate-limiting steps in transmigration under conditions that allow resistance to
migration to be modulated (via pore dimension) within a single device. The transpore chamber
complements the design of previous devices from Irimia et al. (2007) and Saadi et al. (2007)
by varying the pore widths and lengths on the same device making it simpler to look at many
different conditions during a single experiment. The differential effects of blebbistatin
treatment reported here demonstrate that cells have the ability to use multiple mechanisms to
achieve transmigration. The results further support the model that moving the nucleus forward
is a key rate-limiting step in cancer cell migration through tight spaces, and that NM-II has a
critical role in facilitating this movement. This conclusion has relevance not only to vessel
penetration, but is likely relevant to cancer cell migration in other settings, such as glioma
movements within the brain. Further optimization and refinement of the transpore chamber
could allow its use to study migration in a 3D matrix milieu, or to study transmigration of
smaller cells such as neutrophils.

5 Conclusion
The high resolution capabilities of the Transpore Chamber provide an ideal in vitro system to
study coordination between cellular compartments and cytoskeletal mechanisms during
transmigration. This work establishes an ideal pore range for future studies investigating
cytoskeletal and focal adhesion dynamics during chemotactic transmigration, or inhibitor
studies that target designed to identify potential signaling pathways involved in transmigration.
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Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Layout of transpore chamber
A. The transpore chamber is a ‘Y’ shaped microfluidic device in which the two incoming
channels are separated by a vertical wall of varying thickness (50 µm or 25 µm) with gates of
varying widths (6, 8, 12, 16 µm). Serum starved cells are plated in the left channel and serum
rich media is flowed through the opposite chamber. B. Schematic illustrating the design of the
chamber. C. SEM images of different pores. The features of the device are within ±0.2 µm of
the design parameters while maintaining vertical sidewalls presenting a uniform pore width to
the migrating cells. Scale bars = 20 µm.

Breckenridge et al. Page 10

Biomed Microdevices. Author manuscript; available in PMC 2011 June 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2. Chemoattractant establishes a gradient within pores to bias cell migration
A. Small molecule transport within the chambers was simulated in COMSOL Multiphysics
and compared with experimental data using fluoroscein as a marker for the chemoattractant
and a 2 µl min−1 flow rate. Experimental data verified that there was a gradient forming across
the pores. Black boxes at 12 µm pores indicates pores used for close up view. For fluorescein
concentration goes from 0.001% (High) to 0% (Low). B. From the same fluoroscein
experiment, time lapse images were used to generate kymographs showing the dynamics of
the gradient over time. A line scan (indicated by the dashed line) was taken at each frame of
the time series through a single pore. The linescans were then plotted next to each other to
generate the kymograph. Kymographs show that the gradient does oscillate slightly over time.
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Fig. 3. Cells demonstrate bimodal migration rates through 6 µm pores
A. ‘Fast’ MDA-MB-231 cell shown migrating towards and through a pore. White arrows point
to cell body as cell approaches pore (10 min – 120 min), contracts into pore (125 min – 130
min), migrates through the pore and exits from the opposite side (135 min – 245 min). B. ‘Slow’
MDA-MB-231 cell shown migrating towards the pore opening (370 min – 620 min),
contracting the cell body into the pore (625 min – 720 min), migrating through pore and exiting
from the opposite side (720 min – 930 min). Arrows indicate position of cell body, time shown
in white at bottom of each frame. C. Histogram of nuclear translocation through 6 µm pores
for all control experiments. D & E. Kymographs where made of ‘slow’ (D) and ‘fast’ (E) cells
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from images where the nucleus was fluorescently labeled with draq5. Dashed lines indicate
pore boundaries, yellow lines indicate nuclear boundaries. Scale bars = 20 µm.
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Fig. 4. Fluorescent images to corresponding to Fig. 3A and 3B
A. Fluorescent images of ‘fast’ MDA-MB-231 cell nucleus shown migrating towards and
through a 50 × 6 µm pore. White arrows point to nucleus as cell approaches pore (10 min –
120 min), contracts into pore (125 min – 130 min), migrates through the pore and exits from
the opposite side (135 min – 245 min). B. Fluorescent images of ‘slow’ MDA-MB-231 cell
nucleus transmigration through a 50 × 6 µm pore. White arrows indicate nucleus as cell
migrates towards the pore opening (370 min – 620 min), contracts its cell body into the pore
(625 min – 720 min), migrates through pore and exits from the opposite side (720 min –930
min). Arrows indicate position of nucleus, time shown in white at bottom of each frame. Scale
bars = 20 µm.
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Fig. 5. Histograms of transmigration time distribution for all 50 µm long pores
A. Control experiments at 50 × 8 µm pores shows clusters of cells at both ‘fast’ and ‘slow’
transmigration times, similar to 50 × 6 µm pores. B. Control cells seem to have more consistent
transmigration times at 50 × 12 µm pores. C & D. Inhibition of NM-II motor activity greatly
reduces ‘fast’ population of transmigration times at 50 × 6 and 50 × 8 µm pores. E. At 50 × 12
µm pores NM-II inhibition no longer effectively prevents ‘fast’ transmigration.
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Fig. 6. Blebbistatin treatment eliminates ‘Fast’ mode of migration through 6 µm pores
A. Brightfield image sequence of a blebbistatin treated cell migrating through 6 µm pore.
Arrows indicate cell body as lamellipodia identify pore (135 min), cell body contraction into
pore (220 min – 295 min), cell body within pore (405 min) and cell exit from far side of pore
(790 min). Note blebbistatin treatment lengthens both the time of the cell to contract its cell
body into the pore as well as translocate its nucleus through the pore. B. Corresponding
fluorescent image of A. Cell stained with live cell nuclear dye (draq5). White arrows indicate
nucleus. A cell can be seen already occupying the pore as the migratory cell transmigrates
through the pore. C. Histogram of nuclear translocation through 6 µm pores for all blebbistatin
experiments. Note the lack of a ‘Fast’ mode (≤ 150 min) of translocation compared to control.
Scale bars = 20 µm.
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Fig. 7. Nonmuscle myosin-II dependent contraction is important for nuclear translocation through
narrow pores
Boxplots of time for nuclear translocation through 50 µm long pores. Red line is the median,
top and bottom of box indicates upper and lower quartile, whiskers indicate the range, and ‘+’
indicate outliers.
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Fig. 8. Nonmuscle myosin-II dependent contraction is important for nuclear translocation through
narrow pores
Boxplots of time for nuclear translocation through 25 µm long pores. Red line is the median,
top and bottom of box indicates upper and lower quartile, whiskers indicate the range, and ‘+’
indicate outliers. Distribution of transmigration times at different pore dimensions is
indistinguishable under control conditions at 25 µm long pores. Inhibition of NM-II
preferentially slows down transmigration times at 25 × 6 µm, however at 25 × 8 µm pores cells
are again able to migrate quickly.
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Table 1
NM-II is required for rapid transmigration at narrow pores

The mean and median times for transmigration events at different pore widths, both in the absence (Control) and
presence of blebbistatin (Bleb).

Mean (min) Median (min)

Control 6 µm (n = 19) 151 105

Control 8 µm (n = 21) 194 215

Control 12 µm (n = 21) 129 130

Bleb 6 µm (n = 15) 392 365

Bleb 8 µm (n = 9) 342 370

Bleb 12 µm (n = 21) 159 145
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