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Abstract
Mechanical cues may have important roles in tissue morphogenesis; progression through complex
functions like differentiation may be associated with changes in cellular force generation and
mechanosensing. To explore this concept, we use elastomer pillar arrays to map forces generated
by neural stem cells in vitro, and identify two distinct dynamics of force generation. First, cell
generated forces decrease as cells transition from a proliferative mode to differentiation, a process
covering several days. This change in force generation correlated with a loss of sensitivity to
substrate rigidity over a series of polydimethylsiloxane substrates. Second, neural stem cells
exhibit a faster pattern of localized contractions at the cell body and outlying processes; each lasts
on the order of minutes, and is not synchronized across the cell. This faster process is reminiscent
of migratory behavior observed in vivo, and may be involved in controlling the motion of internal
structures such as the cell nucleus. These results together provide new clues into the role of forces
during development, and may lead to design principles for materials targeted for use in the central
nervous system.
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Introduction
Cells have the remarkable ability to sense the rigidity of their environment, which modulates
fundamental cell functions including migration, focal adhesion formation, spreading, and
stem cell differentiation 10; 35; 36; 21; 33. These responses raise the intriguing possibility that
mechanical cues may help coordinate morphogenesis and, conversely, lead to new strategies
for improving the design of engineered tissues. In support of such a role in the specific
context of the nervous system, Elkin and colleagues 9 report that elastic modulus varies
across different regions of the hippocampus, while Saha and colleagues 26 showed that glial
vs. neuronal differentiation is sensitive to substrate rigidity. Mechanical forces are key to
other aspects of neurogenesis, including complex patterns of migration and nuclear
oscillation of radial glial cells 17; 32. It is important to recognize that complex behaviors
such as stem cell differentiation involve dramatic changes in cell state. Understanding how
cell-material interactions change over the course of such processes is essential for
developing a complete model of mechanosensing in tissue morphogenesis.

Here, we seek to identify such a programmatic change in the context of central nervous
system neurogenesis. We use a traction force microscopy technique introduced by Tan and
colleagues 29 to estimate forces generated by neural stem cells over the course of
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differentiation. In this approach, arrays of microscale elastomer pillars (μPAs, Figure 1A)
serve as the cell culture substrate. Adherent cells deflect these pillars, and the force applied
to the pillar can be derived from these deflections (Figure 1B). Image-based measurement of
these deflections thus provides a spatially resolved map of the contractile forces. We focus
on neural stem cells (NSCs) derived from the subventricular zone (SVZ) of postnatal rats, a
site of continued neurogenesis in these animals. Given the importance of laminin in neural
tissues 18; 22 and its widespread use as a culture surface for NSCs, we focus predominantly
on pillar arrays coated with this extracellular matrix protein. Rigidity sensing as a function
of force generation is then tested, supporting a model in which mechanical properties direct
neural stem cell function.

Results
Traction force microscopy of SVZ-derived NSCs

We designed μPAs that are optimized to measure force generation in NSCs, addressing their
particular cellular characteristics. First, these cells typically exhibit an elongated, thin,
radial-glial-like morphology during expansion culture. Supporting cell attachment and
mapping applied forces requires a correspondingly fine spatial resolution. A standard
geometry of 1-μm diameter pillars spaced 2 μm center-to-center was chosen to allow close
packing while keeping the top surface large enough to accommodate focal adhesion
formation. Second, preliminary results showed that the traction forces exerted by NSCs are
relatively small, dictating the use of a relatively flexible (long) pillar. A standard pillar
height of 7 μm was chosen as these were the shortest pillars for which deflections were
reliably detectable by optical microscopy. Assuming a typical bulk elastic modulus of
PDMS of 2 MPa, these pillar dimensions provide a lateral “spring constant” of 0.86 nN/μm
based on a simple cantilever approximation 29. Unless otherwise specified, the μPAs were
prepared for cell culture by coating with laminin, one of the major ECM components in both
embryonic and adult neural stem cell microenvironments 18; 22.

SVZ-derived NSCs on these μPAs exhibited a pattern of differentiation similar to that on flat
cell culture surfaces. In the standard experimental procedure used throughout this study
(Figure 1C), proliferative cells were seeded onto the arrays and maintained in FGF-
supplemented expansion media for a short time (1 day, unless otherwise stated), allowing
cells to become established on the culture surface. Cells were then switched to
differentiation media which is FGF-free but supplemented with forskolin and retinoic acid,
and promotes neuronal differentiation. In expansion media, NSCs express high levels of the
intermediate filament protein nestin, a marker of neural stem cells (Figure 1D), along with
moderate levels of glial fibrillary acidic protein (GFAP) 7. Following the switch to
differentiation media, cells gradually reduce nestin expression, with concurrent emergence
of lineage-specific protein markers. The neuronal specific marker βIII-tubulin (β-tub,
detected using the TuJ1 clone) is evident in cells after 3 days in differentiation media (4
days in vitro). The percentage of cells undergoing neuronal differentiation was typically
measured at 8 days in vitro (Figure 1E), at which expression of nestin was minimal. At that
time point, the fraction of TuJ1+ cells on μPAs of 7-μm height was similar to that on flat,
planar substrates of laminin-coated PDMS, which served as reference controls for substrate
topology (53.7±15.5% and 56.5±7.4%, mean ±s.d, on μPA and flat PDMS substrates,
respectively; n > 500 cells per surface over three replicate experiments). Thus, the
architecture of these μPAs did not influence cell differentiation, validating their use for
measuring the contractile force of these NSCs. On all surfaces, the remaining, non-TuJ1+

cells consisted of mature astrocytes and a small percentage (< 2%) of oligodendrocytes as
indicated by high levels of GFAP and O4, respectively. To confirm the origin of neuronal
cells, differentiating NSC cultures were incubated with the EdU nucleoside overnight (to
minimize any effect on cell function) prior to fixation and staining for lineage markers (on 4
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DIV, Figure 1F). Of cells staining positive for TuJ1, 56.4±5.4% (mean±s.d. from three
independent experiments) were also positive for EdU, indicating that a large population of
neuronal cells derive from a proliferating pool of NSCs. The remaining TuJ1+ cells were
NSC-derived and either not undergoing DNA replication during the brief EdU loading
period or had committed by 3 DIV or were committed before transfer to differentiation
media. Lastly, TuJ1+ cells were present as both individual cells and as clusters, migrating
over each other in a pulsate mode resembling “chain migration” of neuroblasts (see Movie
S1 in the Supplementary Material), which has been observed both in vitro and in vivo 34.

Force generation is modulated over multiple temporal scales
Live cell microscopy was used to examine the interaction of NSCs with underlying μPAs,
revealing complex and dynamic patterns of force application by the cells. Following seeding
onto an array, NSCs generated forces that were organized into local areas of contraction –
one under the cell body and one or occasionally two near a process tip as illustrated in
Figure 2A; time-series movies of additional representative cells are included in the
Supplementary Material, S2. The specific frame illustrated in Figure 2A illustrates both sites
of contraction, but as will be discussed later in this section, force generation at each site
changed rapidly over the course of minutes, and was not coordinated between locations. We
first focus on an additional pattern of force generation that changed over the course of days.

Specifically, the forces applied by NSCs at each site decreases as cell differentiation
progresses in vitro. The maximal force generated by NSCs during expansion was estimated
for individual pillars by collecting time series stacks of cells on μPAs, taken at 30 second
intervals over 10-15 minutes. Maximal deflections were extracted from these series and used
to estimate an applied force using a linear cantilever model 29. Data from different
conditions (Figure 2C) were compared using Kruskal-Wallis methods (α = 0.05, n = 7, 20,
34, 33 cells for conditions of 1DIV, 4DIV, 8DIV, exp8DIV respectively, representing over
300 pillars per timepoint and covering two independent timecourse experiments). During the
first day in culture (in expansion media), cells applied maximal forces in the sub-
nanoNewton range. However, by 7 days in differentiation media (8 DIV) only minor
deflections could be identified. Applied forces at either 1, 4, or 8 DIV are statistically
different from the other two time points. Differentiation of SVZ-derived NSCs in vitro thus
correlates with a decrease in the magnitude of contractile forces exerted on substrates. As a
control, forces exerted by cells cultured on the pillar arrays for 8 days in expansion media
was found to be comparable to that of cells in expansion culture for 1 day (Figure 2C),
supporting the concept that differentiation, and not simply time in culture, is associated with
decreasing force generation.

Focusing on force generation at each contraction site, we found a faster dynamic on the
timescale of minutes, illustrated in Figure 3A and the time series movies in Supporting
Material S2. Within each site, traction forces were centripetal and pulsatile, with each
contraction lasting 4.1 ± 1.7 min (mean ± s.d., n = 245 contraction events, Figure 3B,C), a
timescale that is fast compared to traction dynamics in the leading edge of typical fibroblasts
(typically 15-20 minutes) 1. Moreover, contraction of pillars under the cell body (nearer the
trailing edge of a cell) was independent to that of the more distal position along the cell
process (Figure 3B). As a quantitative measurement of this lack of synchronization, we
calculated a Pearson's correlation coefficient (see Methods), comparing groups of pillars
underlying a specific cell into the two identified regions. We measured a correlation
coefficient between these sites of -0.13 ± 0.24 (mean ± s.d., n=7), indicating no correlation
between contractions at these positions in the cell; this coefficient ranges from 1 to -1,
associated with strong correlation and anticorrelation, respectively.
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The role of this dynamic force generation during expansion in coordinating cell function is
currently unclear, but may correlate with movement of centrosome and nucleus in neural
progenitors 31. Specifically, radial glial cells exhibit pulsatile nuclear migration during
neural tissue development 32, a behavior that has also been observed in vitro 5. Such nuclear
oscillations require cytoskeletal mediated force generation and contributes to the control of
cell-cycle progression and division 16. The periodic contractions we observed under the cell
bodies suggest that cells may use cell-matrix interactions to propel intracellular
reorganization of these cells. Notably, we observed that external force generation and
nuclear translocation were sequential and not concurrent, with periods of strong force
generation often preceding large changes of nuclear location (illustrated by the two strong
contraction events in Supplementary Material S3 at 9 and 12 minutes of this time series).

Changes in molecular architecture parallel force generation
Adherent cells generate tension via contraction of the actin cytoskeleton and transmit this
force via focal adhesions to the underlying substrate 2. Towards an insight into the
mechanisms by which force generation changes over time, we examined the distribution of
molecules involved in cytoskeletal and substrate-anchorage assemblies. Figure 4A illustrates
the distribution of actin along the cell surface facing the pillar array at 1, 4, and 8 DIV. At 1
DIV, actin was observed throughout the cellular processes and in small, punctuate clusters
resting on and across the pillar tops (higher-detail images illustrating the pillar location are
shown in Supporting Material S4). The presence of actin decreased by 4 DIV and was
minimal at 8 DIV, restricted to occasional small clusters localized at areas of cell-cell
contact. Similar concentrations of active myosin were reported in the migrating neuronal
precursors from SVZ explants 28. The distribution of focal adhesion proteins followed a
similar change in distribution. Specifically, we followed the distribution of the β1 integrin
subunit, which is expressed at high levels in neural stem cells and plays a role in their
maintenance 4; 18; 19, as well as paxillin. Cells in expansion media (1 DIV) exhibited
clusters of β1-integrin that colocalized with paxillin, indicative of focal adhesions, as
illustrated in the top row of Figure 4B. By the end of differentiation culture, β1-integrin
expression in the bipolar neuroblast-like precursor cells was minimal, and paxillin clusters
were absent, bottom row of Figure 4B. These data indicate that NSCs decrease their cell-
ECM contacts over the course of differentiation, potentially switching to a cell-cell
communication and adhesion mode. We also recognize that the specific nature of the cell-
ECM interaction may be altered over the course of differentiation. We chose laminin for use
in coating the μPAs due to its widespread use as a NSC cell culture surface. However,
degradation and replacement of this ECM, as a result of metalloprotease activity, for
example, may change the local ECM composition. As such, future experiments using more
firmly bound proteins or specifically tethered protein fragments may shed new light onto the
issue of cell-ECM interaction on neural stem cell function.

Live cell microscopy, using GFP-tagged actin, revealed detail into the dynamics of force
generation by NSCs in expansion phase, as shown in the representative cell in Figure 4C.
The yellow arrow indicates the site of a contraction that will occur over the series of these
images, while the end of a second, previous event can be seen in the lower right part of this
figure. A cloud of actin accumulates near the site of contraction prior to the event.
Contraction of pillars coincides with a slight spread of actin, which then disperses following
the event. The molecular processes driving this process remain unclear.

Finally, we examined the role of myosin type II in generation of the observed cell traction
forces. Application of the myosin II inhibitor blebbistatin to NSCs in expansion media
caused rapid (< 30 minutes) loss of local contraction and micropillar deflection, along with
rounding up of the cell body (Figure 5A-C, Supplementary Material S5). Application of
blebbistatin also severely impaired nuclear translocation. Before administration of
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blebbistatin, 74.1% cells on flat PDMS substrates moved their soma more than 50 μm over
30 minutes (Figure 5D, n=58 cells). Thirty minutes after application of blebbistatin (and
observing cells over the next 30 minutes), this portion of cells dropped to only 18.3%
(Figure 5E, n=71 cells). Together, these data suggest that myosin II activity is a critical
component of the multiple forms of traction force generation and cellular reorganization
observed in NSCs during expansion.

Modulation of cell function correlates with force generation as a function of time
An underlying assumption in many models of rigidity sensing is that cells must exert a force
on their environment to test this mechanical property. Given the changes in maximal force
generation that were observed over the course of differentiation, we set out test whether
specific cellular functions associated with separate stages of this process are differentially
sensitive to rigidity. For these studies, cells were cultured on planar PDMS substrates with
Young's modulus of 25kPa, 500Kpa, 2MPa, created by changing the ratio of base : curing
agent in the elastomer formulation; while these substrates are of relatively high rigidity
compared to that associated with tissues, these surfaces present the same chemistry as the
μPAs, and the ability of cells to sense changes in rigidity in these higher ranges is
increasingly recognized 30.

We first examined cell proliferation, associated with growth of cells in expansion media and
correlating to periods of high contraction force generation. Cell proliferation was quantified
by comparing the growth rate of cells on each surface over a period of 4 days, cultured in
expansion media for the duration of the experiment. Cells on substrates of 2MPa modulus
exhibited a higher proliferation rate than those on softer substrates (n=4, >800 cells
examined for each condition, Figure 6A), demonstrating an effect of substrate rigidity
during the expansion process.

We next examined differentiation of NSCs on substrates of different rigidity, staining these
cells for neuronal markers after 7-days in differentiation media. Cells were in expansion
media only 1 day after seeding (and then switched to differentiation media), minimizing the
effect of rigidity-dependent proliferation in these experiments. As shown in Figure 6B, the
fraction of TuJ1+ cells was similar across the samples, indicating that this aspect of
neurogenesis by SVZ NSCs is not sensitive to substrate rigidity at the range examined.

We note that our results of cell differentiation are different from Saha and colleagues 26.
However, that report is based on polyacrylamide gels, which are of generally much lower
elastic modulus (100 - 10KPa) than the PDMS surfaces used here and closer to that
associated with neural tissues. To better align these studies, we also examined NSC
differentiation on pillar arrays of different heights (Figure 6C) in order to bridge these
systems, correlating the spring constant of the pillars with an equivalent substrate rigidity 8;
14; a constant pillar diameter of 1 μm was maintained across a key set of these surfaces to
ensure that cells see the same amount and local organization of ECM protein. We again
observed that the fraction of cells expressing a neuronal phenotype (TuJ1+) was not
statistically different across the arrays of 1-μm pillars of various heights. A final sample
based on 2-μm diameter pillars, included to reach higher equivalent rigidities, also had
similar neuronal differentiation, further supporting the idea that substrate rigidity does not
direct cell differentiation. However, it should be appreciated that the pillar arrays present a
very different form of rigidity than a slab of varying rigidity. Specifically, the individual
pillars are locally stiff on the scale of the pillar tops, appearing softer only over a larger
physical range associated with the dimensions of multiple pillars. Reconciling the use of
elastomer pillar arrays in this context, as well as understanding the complex response of the
native extracellular environment, remain active areas of research.
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Discussion
In this report, we used the high spatial and temporal resolution of the μPA platform to
explore the dynamics of force generation by NSCs onto an underlying substrate. Most
prominently, we demonstrate that forces exerted by NSCs onto laminin-coated pillars drops
dramatically over the course of days, paralleling an increase of expression of phenotypic
markers of neural stem cell differentiation. This drop in force generation may represent a
change from cell-ECM contact to cell-cell contact, following changes in cell association
observed with these cells both in vitro and in vivo. We also demonstrate that at short
timescales of minutes, NSCs apply localized, puslatile patterns of forces to an underlying
substrate. This shares some similarity with dynamics observed in fibroblasts, whose
migration is closely coupled with protrusion and retraction of processes 6; 12; 15; 24, as
forces were localized to the tips of processes elaborated by these cells. However, NSCs also
exhibit a localized contraction underlying cells, not normally associated with force
generation by cells in culture. These forces have strong correlations with the pulsatile
motion of neural precursors observed in vitro, providing potentially a new system for
studying this specialized motion.

The temporal dynamics of these pulsatile contraction sites share other similarities with non-
neuronal cell systems. In particular, the Sheetz group has identified and analyzed cyclic,
oscillatory waves of lamellipodia extension and contraction in early spreading of a range of
cells, including fibroblasts, wing-disk cells, and T cells, posing a strategy by which these
cells measure the mechanical properties of their environment 3; 11; 15. While sharing the
transient property of the contraction sites observed in the present study, the waves associated
with cell spreading are organized around the periphery of the cell, rather than under the cell
processes and body. Moreover, the localized contraction sites underlying NSCs showed no
correlation in contraction; in contrast, the membrane waves studied by the Sheetz group
demonstrate different degrees of spatial synchronization around the cell periphery. The roles
of regulatory signaling proteins that are proposed to regulate the membrane waves, such as
Rac and cofilin, may provide important insights for understanding force generation in NSCs.

The role of matrix rigidity in local direction of neural development and stem cell function
remains a provocative yet incompletely understood question. Our results indicate that
proliferation of NSCs is sensitive to substrate rigidity to a larger extent than differentiation,
suggesting that local stiffness of the niche may play a role in coordinating the cell-by-cell
regulation of proliferation vs. differentiation required for proper tissue organization.
However, we recognize that other groups 26 have observed changes in neural stem cell
differentiation as a function of rigidity on softer surfaces than the planar PDMS used in this
report. Together, these data support a model in which the magnitude of applied force may
correlate with the range of rigidities over which cells can differentially respond. It is notable
that recent reports by Ladoux and colleagues 14; 25 provides evidence that across substrates
of different stiffness, cells will apply forces to a substrate that will induce a specific degree
of deformation, up to a characteristic limit; this limit, and the deformation, are cell specific.
Our results, building on this model, suggest that these characteristics may change as a
function of differentiation or cell state, allowing cells to respond to specific ranges of matrix
stiffness. Further investigations are needed to test the intriguing aspects of rigidity in
directing NSC growth, leading to improved understanding of neural development and design
of materials that interact with the nervous system.
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Materials and Methods
Preparation of poly(dimethylsiloxane) μPAs

Established microfabrication techniques were used to create primary masters from which the
elastomer μPAs were ultimately produced 8; 13; 29. Briefly, a deep plasma etching process
was used to create arrays of pillars in a silicon wafer. The resultant master was silanized
with tridecafluoro-trichlorosilane in vapor phase to facilitate release of elastomer. PDMS
elastomer is then poured on the silicon master and cured for 12 hours before being peered
off to form a secondary PDMS master, which was further silanized with perfluorooctyl-
trichlorosilane before use. Arrays were produced by placing a small drop uncured PDMS on
the secondary PDMS master, and pressed against a coverslip. This construct was then
incubated at 85 °C for 12 hours before releasing, yielding a final μPA attached to a
coverslip. This approach yields a thin PDMS layer underlying the pillars, which assists in
conducting microscopy with the short-working distance objectives typically used for high-
resolution microscopy.

Before seeding of cells, the μPA was coated with natural mouse laminin (Invitrogen)
overnight at a concentration of 10 μg/ml. A small fraction of laminin was labeled with Cy5
dye (GE Healthcare) and mixed 1:5 with unlabeled protein, in order to fluorescently
visualize the pillars while minimizing the effect of labeling on cell response.

Preparation of variable rigidity surfaces
Planar PDMS substrates of different rigidities (25kPa, 500Kpa, 2MPa) were prepared by
varying the ratio of curing agent to base (1:50, 1:25 and 1:10, respectively). These substrates
were then coated with laminin at 10 μg/ml overnight before use; the per-area concentration
of protein absorbed to these substrates is independent of formulation 30.

Neural Stem Cells
All culture reagents were from Invitrogen unless otherwise stated. SVZ NSCs were
generated and maintained in adherent culture following established methods with
modifications 20; 23;. Brain tissue was isolated from juvenile rats (post-natal day 11,
Taconic), from which a ∼400 um coronal slice of the forebrain was obtained and placed in
cold PBS supplemented with 1.26 mM Ca2+ and 4.5 g/L glucose (GPBS). A stripe of SVZ
tissue was cut along the lateral ventricle wall and kept in cold GPBS. Tissue was minced and
treated with papain (Sigma) for 30 min before being transferred to DMEM media
supplemented with 10% FBS. Tissue was mechanically dissociated by repeated trituration.
The cell solution was passed through a 40-μm pore nylon mesh to remove large tissue
debris, and seeded onto petri-dishes which were sequentially coated with polyornithine
(Sigma) and laminin. These primary cells were maintained in DMEM with 10% FBS for 24
hours. The media was then replaced with serum free expansion media consisting of DMEM/
F12 (1:1), B27 supplements without Vitamin A, 2 μg/ml heparin, 20 ng/ml bFGF (Upstate)
and antibiotics. Half of the media was replaced every other day. To promote neuronal
differentiation, expansion media was replaced with DMEM/F12 containing B27
supplements, 1μM retinoic acid, 2μM forskolin and antibiotics. When cultured on μPA,
NSCs were seeded in expansion media at a density of 5000-8000/cm2, and kept overnight
before switching to differentiation media. Half of the media was replaced every 3 days. As
specified for specific experiments, blebbistatin was included in the cell culture media at a
concentration of 50 μM.

Immunocytochemistry
Cell morphology and differentiation were determined using standard immunocytochemical
techniques. At specific time points (1, 4, 8 days) in culture, cells were fixed for 15 min in
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4% paraformaldehyde in PBS, permeabilized in 0.25% Triton X-100 for 10 min, and then
blocked with 4% BSA in PBS for either 1 hour at 37°C or overnight at 4°C. Samples were
incubated with primary antibodies in 4% BSA in PBS for 1 hour at room temperature as
indicated in the text and figures: anti-βIII-tubulin (1:2000, Covance), anti-nestin (1:500,
R&D Systems), anti-GFAP (1:750, Millipore). Samples were then rinsed with PBS,
incubated with secondary antibodies labeled with either Alexa 488, Alexa 568, or Alexa 647
(Invitrogen), and diluted 1:500 in 4% BSA solution for 30 minutes, rinsed with PBS and
then stained for nucleus with DAPI (Invitrogen). Imaging and recording were done by using
a Hamamatsu C9100-02 CCD camera attached to an Olympus IX71 microscope equipped
with fluorescence imaging capabilities, and MetaMorph image analysis software (Universal
Imaging).

Proliferating cells were identified using the Click-iT EdU (5-ethynyl-2′-deoxyuridine) kit
(Invitrogen). One day before fixation, cells were treated with EdU containing media at 0.5
μM overnight. After fixation permeablization as described above, newly synthesized DNA
was detected using Alexa Fluor 488 azide, part of the Click-iT EdU kit. The sample was
then counterstained for lineage markers as described above. As an alternative approach that
provides a more direct measure of functional proliferation, we compared the per-area density
of cells in culture, on the same culture, over a period of 4 days.

Proliferation assay
To quantify the growth rates of NSC in expansion media, the number of cells per area on
each surface was counted at 24 hour intervals. The data was then fit with an exponential
growth model to obtain the growth rate r, where 1/r is the population doubling time. These
data were normalized against average growth rate of the softest planar substrate we
examined (PDMS of 25KPa Young's modulus).

Live Cell Microscopy
Live cells were observed by fluorescent and bright-field microscopy using a 100× oil
objective (NA 1.45) on an inverted Olympus IX71 microscope. The temperature, CO2 and
humidity level were maintained at 37 °C, 5% and 70% respectively using a live-cell imaging
chamber (Pathology Devices, MD). Unless otherwise noted, images were collected at 30
second intervals. Pillars were imaged through the μPA (as opposed to through the cells) to
minimize artifacts associated with refraction of light by cellular structures. Cells forming
extensive cell-cell contacts were excluded from these analyses. However, cells formed
extensive contacts between processes in normal culture; the formation of such process-
process contact did not exclude cells from analysis.

The force applied by cells to individual pillars was estimated by measuring the deflection of
each pillar tip. Displacement of each pillar from its original position was extracted from a
time series of fluorescent images using the MetaMorph software suite. The trajectory of
each pillar tip over time was generated from these displacements using an ImageJ plug-in 27

that outputs the coordinates of every pillar in each frame. These deflections were converted
to estimated forces using a linear, infinitesimal deflection cantilever equation 29; F = (3*E*I/
L3)*δ, where E = bulk Young's modulus of the material, I = second moment of inertia of the
cantilever cross section, and L = pillar length. Pillars deflecting less than 2 pixels (a
threshold established from observing the random fluctuations of pillars away from the cells)
were not included in analysis. Comparisons of forces applied by cells under different
conditions were compared using Kruskal-Wallis methods, α = 0.05.

To identify the maximum forces reported in Fig. 2, stacks of images taken at 30 second
intervals and covering a total of 10-15 minutes were collected for cells on the pillar arrays.
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The maximum deflection of each pillar was determined from these stacks. The typical
duration of a contraction event (Fig. 3) was also determined from image stacks covering
10-15 minutes. Plots of pillar deflection as a function of time were derived from these
stacks, and a contraction was defined as the time over which the deflection was over 20% of
the maximal value for that event. Coordination of contractions at different sites underlying a
single cell was analyzed by calculating a Pearson's correlation coefficient, r, over these
stacks. Traces of pillar deflections under a cell were divided into two groups, x and y, each
representing a different contraction site and containing n timepoints. For each cell, a
correlation coefficient was calculated as r = [Σ(xi−x̄)(yi−ȳ)]/[(n−1)σxσy];i = 1..n. Values of
1 and -1 indicate strong correlation and anticorrelation, respectively, while values of 0
indicate no correlation.

Imaging of cytoskeleton dynamics
NSCs were transduced with actin-GFP using the Cellular Light baculovirus system
(Invitrogen). Briefly, cells were cultured to 80% confluence, then culture media was
replaced by the Cellular Light reagent diluted in PBS and incubated with gentle rotation for
1 hour at room temperature. Cells were further cultured in media containing enhancer for 2
hours before being changed back to normal expansion media. The transduced cells were
collected by trypsin treatment, seed onto laminin coated μPA substrates and imaged the next
day.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
NSCs cultured on μPAs. (A) SEM of a μPA. Pillars measure 1 um in diameter, and are
spaced 2 um center-to-center in hexagonal arrays. (B) Schematic of traction force
microscopy. (C) Timecourse of standard culture of NSCs. (D-E) Characterization of NSC
before/after differentiation, illustrating staining for the phenotypic markers β-tubulin (TuJ1
antibody, green), nestin (red), and GFAP (blue) at 1 DIV (D), and 8 DIV (E). (F) At 4 DIV,
a significant population of TuJ1+ (green) cells are also positive for EdU (red). See text for a
quantitative discussion of NSC differentiation.
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Figure 2.
Force generation by NSCs decreases with differentiation. (A) Deflection of pillars by NSCs
6 hours after seeding. Outlines of cells are indicated by the white profiles. (B) Force vector
field measured from the image in panel A, illustrating the presence of two separate sites of
contraction. (C) Comparison of traction force magnitudes at different stages of
differentiation (0, 3, 7 days of differentiation, corresponding to 1, 4, and 8 DIV). The final
column (exp8DIV, red) indicates cells maintained in expansion media for 8 days. The parts
of the box plots indicate 10, 25, 50, 75, and 90 percentiles, while the whiskers indicate 1 and
99%. The square box indicates mean of the data. * α <0.05, compared using Krusal-Wallis
analysis (n = 7, 20, 34, 33 cells for conditions of 1DIV, 4DIV, 8DIV, exp8DIV respectively,
representing over 300 pillars per timepoint and covering two independent timecourse
experiments).
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Figure 3.
Dynamic contraction by NSCs in expansion media. (A) Time sequence illustrating periodic,
sequential application of force by cells at two localized sites, indicated by circles at the
trailing edge and arrows at the leading edge. (B) Magnitudes of deflections for the color-
coded pillars as a function of time. (C) Histogram of the duration of individual, pulsatile
contractions measuring 4.1 ± 1.7 min (mean ± s.d., n = 245 contraction events).
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Figure 4.
Changes in expression of molecular structures parallel that of force generation. (A)
Timecourse of actin (green) distribution on the basal surface of cells. Cells were
counterstained for nuclei using DAPI (red). The outlines of cells, derived from differential
interference contrast images, are added to help delineate the borders of the cell. (B)
Localization of the anchorage-associated proteins paxillin (red) and β1-integrin subunit
(green). (C) Fast dynamics of actin assembly, preceding the application of force to the pillar
arrays. The outline indicates the boundary of a representative cell which is the focus of this
time series, but additional actin-containing processes from other cells are visible in the top
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row. The yellow arrow indicates the same position in the two rows, corresponding to a site
of contraction, as detailed in the text.
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Figure 5.
Inhibition of contractile function. (A-C) Map of cell traction forces before (B) and 30
minutes after (C) application of 50 μM blebbistatin, focusing on the region outlined in panel
A. (D-E) Distance of nucleus migration over a 30 minute interval either before (D) or 30
minutes after (E) application of blebbstatin.
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Figure 6.
Rigidity sensing correlates with force generation. (A) Proliferation of SVZ NSCs on planar
substrates of varying rigidity. Cells were maintained in expansion media for the entire 4-day
experiment. (B) Differentiation of NSCs on planar substrates, as measured by the fraction of
TuJ1+ cells. (C) Differentiation of NSC on pillar arrays of different dimension, d = center-
to-center distance, h = pillar height; i.e., d1h9 indicates pillars of 1 μm diameter and 9 μm
height. All data are mean ± s.d., n=4, > 800 cells examined each condition, and were
analyzed using ANOVA methods. * p < 0.05.
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