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The tight coupling between the plasma membrane
and actin cortex allows cells to rapidly change shape
in response to mechanical cues and during physiological processes. Mechanical properties of the membrane
are critical for organizing the actin cortex, which ultimately governs the conversion of mechanical information into signaling. The cortex has been shown to
rapidly remodel on timescales of seconds to minutes,
facilitating localized deformations and bundling
dynamics that arise during the exertion of mechanical
forces and cellular deformations. Here, we directly
visualized and quantified the time-dependent deformation and recovery of the membrane and actin cortex of HeLa cells in response to externally applied
loads both on- and off-nucleus using simultaneous
confocal and atomic force microscopy. The local
creep-like deformation of the membrane and actin
cortex depends on both load magnitude and duration
and does not appear to depend on cell confluency.
The membrane and actin cortex rapidly recover their
initial shape after prolonged loading (up to 10 min)
with large forces (up to 20 nN) and high aspect ratio
deformations. Cytoplasmic regions surrounding the
nucleus are shown to be more resistant to long-term
creep than nuclear regions. These dynamics are highly
regulated by actomyosin contractility and an intact
actin cytoskeleton. Results suggest that in response to
local deformations, the nucleus does not appear to
provide significant resistance or play a major role in
cell shape recovery. The membrane and actin cortex
clearly possess remarkable mechanical stability, critical for the transduction of mechanical deformation
Additional Supporting Information may be found in the online
version of this article
*Address correspondence to: Andrew E. Pelling; Department of
Physics, MacDonald Hall, 150 Louis Pasteur, University of
Ottawa, Ottawa, Ontario K1N 6N5, Canada. Email:
a@pellinglab.net
Published online 3 September 2013 in Wiley Online Library
(wileyonlinelibrary.com).

䊏 494

into long term biochemical signals and cellular
remodeling. V 2013 Wiley Periodicals, Inc.
C

Key Words:

actin, cytoskeleton; plasma membrane;
mechanotransduction; atomic force microscopy

Introduction

I

t is becoming well recognized that mechanical stimuli in
vivo influences a multitude of cellular and physiological
processes [Bao and Suresh, 2003; Janmey and Weitz, 2004;
Buxboim et al., 2010; Janmey and Miller, 2011]. How cells
sense and transduce these mechanical forces into biochemical signals (mechanosensation and mechanotransduction) is
still an area under intense investigation [Buxboim et al.,
2010; Janmey and Miller, 2011; Guolla et al., 2012].
Research has narrowed down many of the molecular components involved in mechanotransduction; however there
remain many open questions with regard to the response of
cells to mechanical stimulation. This response to mechanical force has been shown to be dependent on both the magnitude and timescale of force application [Fletcher and
Mullins, 2010]. Moreover, both local and global mechanical stimuli can give rise to rapid changes in cell signaling,
deformation of the cytoarchitecture and changes in gene
regulation [Wang et al., 2003; Na et al., 2008; Krishnan
et al., 2009a; Chen et al., 2010; Guolla et al., 2012]. Cellcell interactions have also been hypothesized as an influence
in the response to loading, as densely packed cells are
thought to act collectively during stimulation [Blanchard
et al., 2009]. Cellular characteristics such as geometry and
elasticity are important, and clearly influence the response
to extracellular forces [Engler et al., 2005]. However these
characteristics are derived from the behavior of distinct subcellular features, in particular the plasma membrane, cytoskeleton, and surrounding extracellular matrix (ECM)
[DuFort et al., 2011].
The mechanical response of cells is largely influenced by
the cytoskeleton, which provides structural support to the

soft and flexible plasma membrane, and the cell as a whole
[Fletcher and Mullins, 2010]. The mechanical properties of
the cell’s microenvironment, contact with other cells, and
chemical factors all influence the rigidity of the cytoskeleton
[Bao and Suresh, 2003; Janmey and Weitz, 2004]. It has
been hypothesized that cell surface receptors couple the
cytoskeleton to the ECM and to neighboring cells in order
to transmit extra, intra, and intercellular forces [Chen et al.,
1997; Bao and Suresh, 2003; Janmey and Weitz, 2004;
Buxboim et al., 2010; Janmey and Miller, 2011]. Indeed,
the physical properties of the underlying cell matrix also
play a key role in governing many complex physiological
processes [Engler et al., 2006; Buxboim et al., 2010; Janmey and Miller, 2011; Guvendiren and Burdick, 2012].
Cells generate traction forces as part of a mechanism to
sense the mechanical properties of the surrounding microenvironment. Traction forces are mediated by actomyosin
contractility and physical links to the microenvironment
through membrane bound focal adhesion and integrin sites
[Buxboim et al., 2010; Janmey and Miller, 2011]. Conversely, cells can also respond dramatically to physical forces
arising in the microenvironment [McNeil and Steinhardt,
2003; Wang et al., 2003; Na et al., 2008; Krishnan et al.,
2009a; Chen et al., 2010; Guolla et al., 2012]. Some evidence suggests that the response of actin, following
mechanical stimulation, is bimodal, i.e., rapid reinforcement, followed by a gradual reorientation of actin stress
fibers [Yoshigi et al., 2005]. Stress fiber formation is also
influenced by mechanical cues [Hsu et al., 2010; Lee et al.,
2010]. For example, zyxin (a known mechano-sensitive protein) has been shown to translocate from focal adhesion
sites to actin filaments due to uniaxial cyclic stretch, thus
increasing the thickness of stress fibers [Bershadsky et al.,
2006]. Physical forces arising from cyclic stretching and
from cell–cell interactions have also been shown to result in
rapid cytoskeletal remodeling [Liu et al., 1999; Waters
et al., 2002]. From these examples it is clear that the connection between the actin cytoskeleton and ECM are quite
important in maintaining cell shape, rigidity, and the cell’s
ability to respond to external forces.
The actin cytoskeleton is often prized for its structural
stability; however the plasma membrane must also withstand rapid and dynamic shape changes, and is obviously
vital in cell physiology. Often, the plasma membrane is
thought of as a soft and flexible structure, that can be ruptured quite easily in vivo [McNeil and Steinhardt, 2003],
and so its rapid repair is critical for cell viability. Physical
forces applied to the plasma membrane are transmitted
throughout the cell [Lecuit et al., 2011], and laterally along
the membrane causing changes in transmembrane protein
conformation, leading to their activation [Dai and Sheetz,
1995]. As well, high local curvatures can cause a chemical
rearrangement within the cell [Janmey and Weitz, 2004],
implying that mechanical stimulation of the plasma membrane can lead to intracellular signaling, and potentially a
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change in function. In addition, there is an important and
complex regulatory interplay between the mechanical properties of the plasma membrane and actomyosin cortex
[Charras et al., 2006; Diz-Munoz et al., 2010]. The socalled cell cortex forms an interface between the external
and internal cellular microenvironments and governs the
mechanical properties of the cell. These properties are critical in the ability of a cell to rapidly change shape and
respond to mechanical stresses during a multitude of physiological processes [Lecuit et al., 2011]. Importantly, the
individual properties of the plasma membrane and actomyosin cortex have a significant influence on one another. The
mechanical properties of the plasma membrane play a critical role in the local organization and bundling of actin at
leading edge protrusions and filopodia [Grimm et al.,
2003; Yang et al., 2009]. As well, cortical tension plays a
key role during mitosis, controlling spindle positioning and
morphogenesis, cell shape stabilization and cytokinesis
[Kunda et al., 2008; Diz-Munoz et al., 2010]. Although
there are still many questions regarding the molecular and
mechanical properties of the actin cortex [Salbreux et al.,
2012], it has been shown to rapidly remodel (timescale of
seconds to minutes) to allow for deformations that arise
during motility [Diz-Munoz et al., 2010], shape change
[Liu et al., 2008] and during the exertion of mechanical
forces [Farsad and De Camilli, 2003]. Clearly, the cell cortex must be resilient during deformation but remain
dynamic to allow for rapid remodeling. In this study, our
objective was to examine the time-dependent deformation
and recovery of the membrane and underlying actin cytoskeleton in response to an externally applied mechanical
load, while attempting to characterize the roles of the membrane, cortex, nucleus, and surrounding cytoplasmic regions
during the response.
In order to probe the deformation and subsequent recovery of the cell membrane and actin cortex, HeLa cells were
created transiently expressing the pleckstrin homology (PH)
domain of phospholipase C conjugated to enhanced green
fluorescent protein (EGFP) and LifeAct-Ruby to label the
membrane and actin cytoskeleton, respectively. We applied
nanoscale forces (5, 10, and 20 nN) using the atomic force
microscope (AFM) as a nanoindentor to the apical surface
of HeLa cells for up to 10 min. Use of the AFM allowed us
to apply precisely controlled forces to the cell membrane,
either on- or off- nucleus. By combining AFM with simultaneous laser scanning confocal microscopy (AFM-LSCM)
[Guolla et al., 2012] we were able to systematically characterize the structural response of HeLa cells to external perturbations through direct visualization. We demonstrate
that the response of the plasma membrane is dependent on
both load magnitude and temporal factors, with perturbed
cells exhibiting creeping deformation. By employing actin
and actomyosin contractility inhibitors we demonstrate
actin’s crucial role in maintaining cellular resistance to
deformation. Importantly, we observed a rapid recovery
Resiliency of the Plasma Membrane
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Fig. 1. AFM setup and LSCM volume acquisition. A: Schematic diagram of the AFM set-up used as a nanoindentor. The AFM is
employed to impose an indentation of a given depth (d) into a cell of a given height (h). B: A living HeLa cell deformed by a 10nN force applied by an AFM tip above the cell’s nucleus. Orthogonal views show that both the membrane and underlying nucleus
were deformed. C: Deformation over a 10 min duration – the depth of deformation increases as demonstrated from t 5 0 to t 5
10. Green: PH-PLCd-EGFP, Blue: Hoechst 33342, Scale bars 5 5 lm. [Color figure can be viewed in the online issue which is
available at wileyonlinelibrary.com.]

and maintenance of membrane integrity, following large
local loads (20 nN) for sustained periods of time (10 min).
Postperturbation recovery of the cell membrane and cortex
was observed to occur in <2 min without significant
changes in F-actin stress fiber morphology, or deviation
from the initial cell shape. Despite previous notions of the
fragile nature of the cell membrane [McNeil and Steinhardt, 2003; Han et al., 2009], we show that the membrane, even without an intact cytoskeleton, proves to be
surprisingly resilient to penetration. Our findings directly
demonstrate that while cytoskeletal integrity is important
for maintaining structural rigidity, the membrane and cytoskeleton can withstand and recover from large loads and
deformations. Characterization of on- versus off-nucleus
loading demonstrates that cytoplasmic regions surrounding
the nucleus act in a more viscous manner in comparison to
nuclear regions. This demonstrates the important finding
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that the soft nucleus does not resist deformation, and is not
responsible for cell shape recovery in HeLa cells.

Results
Membrane Indentation Measurements in
Monolayers

ATM and LSCM were employed to apply nanonewton
forces to the plasma membrane of HeLa cells, while simultaneously imaging cellular deformation (Fig. 1A). This was
performed on cultured monolayers of HeLa cells transiently
expressing the PH domain of phospholipase C (PLC-d)
conjugated to EGFP (PH-PLCd-EGFP) and counter
stained with the live-cell nuclear dye Hoechst 33342 (Figs.
1B and 1C). This approach allowed us to directly visualize
the indentation of the AFM tip upon the cell. The
CYTOSKELETON

deformation of the cell membrane over time was investigated by applying a constant 5, 10, and 20-nN force,
applied to the cell nucleus, which closely approximates the
centroid of the cell as we have previously shown [Guolla
et al., 2012]. Force was applied for a period of 10 min followed by removal of the tip and continued imaging. LSCM
volumes were acquired prior-to and during application of
the force, from which YZ and XZ orthogonal views were
examined (Fig. 1B). Direct measurements of the indentation depth were made every minute over the 10-min application time. We calculated the ratio of deformation to
initial cell height in order to normalize cell-to-cell variations
in height.
As expected, the observed indentation was force dependent (Figs. 2A–2C). As well, the deformation was observed
to creep over time under a constant applied force due to the
viscoelastic behavior of the cell (Fig. 2A). As cells were randomly selected across samples there were significant height
variations (Fig. 2C). Regardless, the relative deformation
depends linearly on force magnitudes within the range
tested (Fig. 2C inset), with 20 nN resulting in a significant
increase in total normalized deformation after 10 min of
applied force (e in the inset Fig. 2C). In addition, Young’s
moduli, measured by fitting AFM force-distance curves to
the Hertz model, were determined before and after the
applied load, on the same cell. No significant change (P >
0.5 in all cases) in the elastic modulus was observed, even
after a 10 min period of perturbation (Fig. 2D).
LSCM volumes were also acquired following removal of
the tip in order to examine the post-deformation recovery
of the cell. Interestingly, 1 min after removal of the applied
load showed that the membrane had already begun to
recover from its initial deformation (Fig. 2E). Within 2
min following 10 min of a 10-nN load, the recovery of the
membrane was complete or well underway in 80% of the
cells examined in this study. In this study, we defined a cell
as recovered (or recovering) if after 2 min the induced
membrane deformation has decreased at least 50%, however in most cases there was a 100% complete recovery by
this time. Even after a 20-nN load was applied for 10 min,
cell membranes were observed to completely recover their
initial morphology. Large deformations were also observed
within the nucleus during the loading period; however the
nucleus also returned to its initial morphology in the 2 min
following tip removal.
In order to determine whether or not the nucleus is the
driving force behind membrane recovery, we performed the
same experiment off-nucleus (see Fig. 3A). For untreated
cells, the cell membrane again was observed to recover
within 2 min after tip removal 90% of the time. AFM
measurements of whole cell force maps (N 5 3) showed
that Young’s moduli above the cells’ nuclei are 2–3 fold
softer than those in regions surrounding the nuclei (Fig.
3B). Variances in stiffness, however, are apparent across the
cytoplasmic surface due to inherent heterogeneity [HofCYTOSKELETON

mann et al., 1997; Yamane et al., 2000]. These soft nuclear
regions correspond with an observed increase in deformation over time, when compared to the stiffer off-nucleus
regions (see Figs. 3C and 3D). These results indicate that
membrane recovery may be independent of the nucleus.
Sustained deformation of the nucleus, however, may influence the rate of recovery of the membrane in the vicinity of
the applied force as the nuclear envelope is highly interconnected to the cytoskeleton and the membrane cortex.
In order to assess the integrity of the membrane before,
during, and after deformation we incubated the cells in propidium iodide (PI) [Silberberg et al., 2008]. PI is a potent
nuclear stain that will fluoresce red when intercalated in the
DNA. Importantly, it is membrane impermeable and cannot localize in the nucleus unless the plasma membrane has
been disrupted. We exposed cells to a 20 nN constant force
for 10 min, followed by removal of the AFM tip while
simultaneously imaging PH-PLCd–EGFP, Hoechst 33342
and PI. No red fluorescence was observed from the perturbed cell nuclei before, during, or after the application of
a 20-nN force (Figs. 4A–4C). After removing the tip and
confirming membrane integrity, we conducted a positive
control by adding a minimal amount of Triton X-100 (TX)
(0.05% v/v final concentration) to the culture medium. TX
rapidly permeabilized the plasma membrane and PI fluorescence was immediately observed (Fig. 4D).
As a positive control paraformaldehyde was added to a
sample dish prior to performing the same constant force
experiment. The observed effect of PFA (a known fixative)
was a near five-fold increase in stiffness (P < 0.05), as measured by AFM Young’s modulus measurements, and an
increased resistance to deformation. Less than 20% of cells
treated with PFA displayed any visible deformation upon
application of a 10-nN constant force for 10 min. In cells
displaying a visible deformation, no recovery of the initial
cell shape was observed following removal of the tip. Conversely, we also conducted an experiment in which PFA was
added to live cells during the exposure to a constant force
for 10 min, but before the removal of the AFM tip. After
allowing the PFA to fix the cells, the AFM tip was removed.
Although PFA treatment did result in some image degradation, the induced deformation was still clearly observed 20
min later (Fig. 4E).
To further test the role of the membrane in the deformation response, we incubated the cells with membranebound fluorescent markers in an attempt to stiffen the
membrane: Wheat germ agglutinin (WGA) [Evans and
Leung, 1984; Charras et al., 2008], a lectin which binds to
N-acetyl-D-glucosamine and sialic acid, and DID, a lipophilic tracer. Both fluorescent markers were fluorescent in
the 600–700 nm emission spectra, which allowed us to
simultaneously image the membrane transiently expressing
EGFP-PLC-d (Supporting Information Fig. S1). The same
experiment as described earlier was performed on-nucleus
for these cells. AFM force-curves confirmed that Young’s
Resiliency of the Plasma Membrane
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Fig. 2. Force magnitude effects deformation but not elastic modulus. A: The effect of force magnitude on normalized membrane
deformation. The normalized depth of deformation (d/h) of the cell membrane is proportional to the magnitude of the applied force.
There was a significant (P < 0.05) difference between the total deformation observed, after 10 min of constant force application,
between 10 and 20 nN forces applied to HeLa cell membranes. (5 nN – black, N 5 12, 10 nN – red, N 5 26, and 20 nN – blue,
N 5 12) B: Total deformation over time. Deformations involving 10 and 20 nN result in similar depths (d) reached in cells, as they
are both relatively large-scale forces in comparison to 5 nN. C: Corresponding averages of total deformation (d) and initial cell
heights (h). Inset shows that normalized deformation (strain) is linearly proportional to the applied force, within this range of magnitudes. Total strain is significantly higher for 20 nN and is independent of variances in cell height. D: Young’s modulus calculated
before (grey) and after (white) 10 min of force application. Shown are the differences in average Young’s moduli – which are independent of force magnitude. E: Z-projection of a cell deformed by a 10 nN load above the nucleus for 10 min. Orthogonal views
demonstrate that no deformation is visible within 2 min following tip removal (t 5 11 minutes), as the membrane has recovered its
initial predeformed shape (t 5 0). The (*) indicates the apex of the AFM tip. Green: PH-PLCd-EGFP, Blue: Hoechst 33342, Scale
bars 5 5 lm. All time is in minutes and error bars shown are standard error.

modulus of cells incubated with WGA (4.6 6 2.0 kPa, N
5 23) significantly increased (P < 0.05) by 35% in comparison to untreated cells (3.4 6 1.3 kPa). Deformation
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over time was measured (N 5 10), and plots show that normalized deformation is greater than untreated cells (Supporting Information Fig. S2). Total normalized
CYTOSKELETON

Fig. 3. On versus off-nucleus deformations. A: Off-nucleus loading with 10 nN for 10 min was shown to result in membrane
recovery in 90% of cells (N 5 10) within 2 min following tip removal, consistent with on-nucleus loading, demonstrating that the
nucleus is not responsible for membrane recovery. The (*) indicates the apex of the AFM tip. B: Force-map of a HeLa cell showing
the height measured, and the corresponding Young’s modulus measurements (fit to the Hertz model). Results demonstrate that the
nucleus is taller and the elastic modulus is 2–3 fold softer (500 Pa) than in surrounding cytoplasmic regions (1.5 kPa) for this
particular cell, as measured by JPKSPM software here. C: Normalized deformation over time comparing on-nucleus (orange) and
off-nucleus (black) loading. D: Corresponding average deformation over time for on-nucleus and off-nucleus loading. Deformation
on-nucleus is significantly greater than off-nucleus. Green: PH-PLCd-EGFP, Blue: Hoechst 33342, Scale bars 5 5 lm. Error bars
shown are standard error. [Color figure can be viewed in the online issue which is available at wileyonlinelibrary.com.]

deformation at the maximum duration of loading was significantly higher (P < 0.05) for WGA (0.7 6 0.3) in comparison to untreated cells (0.5 6 0.2). Incubation with
CYTOSKELETON

DiD also led to a slight increase in Young’s modulus, (4.0
6 1.2 kPa, N 5 15). The deformation-height ratio versus
time data followed a similar trend to that of WGA, and
Resiliency of the Plasma Membrane
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Fig. 4. Control experiments: PI test and PFA. A–D: PI test demonstrates that the membrane is not penetrated during or following
tip removal. A: Cell prior to applied load. B: Cell deformed by a 20-nN force. C: Load is removed. The membrane is not penetrated
by the tip, as is seen by the lack of red fluorescence. D: Addition of TX-100 to the media, as a positive control, demonstrates that the
membrane is permeated resulting in red fluorescence of the PI stain (PI and Hoechst channels are overlaid). E: PFA added to cells during deformation results in permanent deformation even 10 min after tip removal. Image shows deformation in the XY and XZ orthogonal view. Although there was a decrease in fluorescence intensity following addition of PFA, an image captured 10 min following tip
removal shows the deformation remains. Young’s modulus of PFA treated cells (N 5 6) (14.7 6 7.4 kPa) was almost 5-fold higher in
magnitude than untreated cells (3.4 6 1.4 kPa). Green: PH-PLCd-EGFP, Blue: Hoechst 33342, Red: PI, Scale bars 5 5 lm. [Color
figure can be viewed in the online issue which is available at wileyonlinelibrary.com.]

resulted in an increase (0.6 6 0.1) (N 5 5). Despite the
overall increased stiffness the effect on membrane deformation was surprising. Considering that the load applied is
highly localized and results in high aspect ratio deformations, it is possible that a stiffer membrane experiences
shearing effects rather than bending, as would be expected
for softer materials [Boal, 2012].
Taken together, the results reveal that the cells are able to
recover rapidly after a large-scale indentation for prolonged
periods of time, even in cytoplasmic regions surrounding the
nucleus. Moreover, the membrane does not rupture in
response to relatively high aspect ratio indentations. Resiliency of the membrane herein refers to its ability to withstand these extreme forces without penetration. This was
confirmed using a PI test and is directly visible - the cell
membrane clearly deforms around the shape of the AFM tip
as observed in the LSCM orthogonal views (see Fig. 1C).
Membrane Indentation Measurements in
Single Cells

HeLa cells in culture preferentially form highly interconnected monolayers. In order to investigate the influence of
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the monolayer microenvironment on the membrane deformation and recovery dynamics, we performed the same
experiment again on cells cultured at low-confluence. In
this situation it was possible to examine the mechanical
dynamics of the cortex of single cells (Fig. 5A). Here, we
exposed single cells to a 10-nN force for 10 min and
recorded LSCM volumes as in the same manner as above.
We observed no significant differences between the deformation dynamics of single cells in comparison to those in a
monolayer (Figs. 5B and 5C). This suggests that the
response of a cell’s membrane to a localized deformation
induced by an AFM tip is independent of its neighbors.
Actin Deformation

In order to examine the response of the underlying actin
cortex and cytoskeleton we produced HeLa cells transiently
expressing PH-PLCd-EGFP and LifeAct-Ruby and performed experiments as above. Red fluorescence observed
within the orthogonal views demonstrated the presence of
actin underlying the membrane, with an increased intensity
just underlying the green fluorescent membrane (the cortex)
(Fig. 6A). Simultaneous membrane and cortex
CYTOSKELETON

Fig. 5. Comparison of single cell and monolayer deformation behavior. A: A comparison of single cell morphology and microenvironment to that of cells within a confluent monolayer. The shape of single cells is not influenced by its neighbors, in comparison
to those in a dense monolayer, as is seen in these immunofluorescent images. Z-projections demonstrate the strong presence of actin
fibers in the basal plane of the cell’s membrane. Merged actin/dapi images show z-projections of cortical actin throughout the cell. B:
Comparison of normalized deformation over time of single cells (black, n 5 10) and HeLa cell monolayers (orange, n 5 26) for a
10 nN applied force. The Young’s modulus of cells in a dense monolayer (E 5 3.4 6 1.4 kPa) is not significantly (P > 0.9) different
than that of single cells (E 5 3.4 6 1.6 kPa). Cell density does not appear to influence local cell elasticity. C: Corresponding total
deformation over time for monolayer and single HeLa cells. Green-Phalloidin 488 (actin), Blue-Dapi (nuclei) Scale bars 5 5 lm.
[Color figure can be viewed in the online issue which is available at wileyonlinelibrary.com.]

deformations were measured within the same cell (N 5 9),
and demonstrated that the cortex deforms and creeps at the
same rate as the membrane (Fig. 6B). LSCM volumes captured before, during and after tip removal demonstrated
that, not only the membrane, but also the actin cortex
recovered following removal of the load (Fig. 6A). This
recovery was again observed in a relatively short time period
of 2 min. We performed a commonly employed intensity
correlation analysis (ICA) on orthogonal projections of
CYTOSKELETON

LSCM volume images [see Li et al., 2004] in order to
quantify the similarity in the initial membrane morphology
with the membrane morphology during and after deformation (full details are described in the Supporting Information). ICA compares a pair of images and provides an
intensity correlation quotient (ICQ) that varies between
20.5 and 10.5. An ICQ value of 20.5 or 10.5 indicates
that the images being compared are negatively or positively
correlated, respectively. An ICQ of 0 indicates that a pair of
Resiliency of the Plasma Membrane
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Fig. 6. Cytoskeletal recovery following mechanical perturbation. A: Overlay of actin fibers in the basal membrane of an untreated
HeLa cell before (red) and after (green) 10 min of 10 nN applied load. Both the membrane and underlying cortical actin network
recover following mechanical loading (after 2 min of unloading, t 5 12), as seen in the orthogonal views. (*) indicates AFM tip position. B: Normalized deformation of actin (black) versus membrane (orange) over time demonstrates that the linked cellular components deform simultaneously. Error bars are standard error. C: Plot of mean ICQs. ICA was performed on orthogonal views of ROI
around the deformation comparing before (t 5 0 min), during (t 5 10), and after deformation (t 5 12) for both the membrane
(PLC-d-EGFP) and the cortex (LifeAct Ruby). Deform corresponds to ICA of t 5 0 vs. t 5 10, and recovery corresponds to t 5 0
vs. t 5 12.There was a significant (P < 0.05) increase in ICQ for ROIs in recovery in comparison to deformation, as expected.
However, there was an insignificant difference for the same comparison of the cortex intensities, due to high levels of noise, and negative effects of photobleaching. Comparison of control (nondeformed) cells over the course of t 5 0 and t 5 10 min again shows
higher values for ICQ of the membrane in comparison to the cortex, demonstrating that ICA is more accurate at predicting correlation using the membrane tag PLC-d-EGFP. Overall, ICA shows that the membrane shape recovers in comparison to the cell’s
deformed state. N 5 5 for each ICA (membrane, cortex, control). Error bars are standard deviation. D: Actin fibers (LifeAct Ruby)
demonstrate little movement in the basal membrane. Zoomed images of actin fibers shown before deformation (t 5 0) and 2 min
following deformation (t 5 12) show that no remodeling has taken place. Overlay shows nondeformed (red) and recovered (green)
cell actin fibers in the basal membrane. Below, ICQs are indicated, showing that ICA presents only limited fluctuations over the 10
min of loading. See Supporting Information for details of ICA. (*) indicates AFM tip position. Scale bar 5 5 lm.
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images is completely decorrelated. As expected, comparing
images of the membrane before and after full recovery leads
to a positive ICQ of 0.19 6 0.06. However, comparing
images of the membrane before and during deformation
results in a significantly smaller ICQ of 0.06 6 0.03 (P <
0.05). These results demonstrate that cells recover their predeformed morphology, as determined by the larger ICQ
values for before and after versus before and during deformation images (Fig. 6C).
We also investigated the morphology of the actin stress
fibers before, during and after deformation. It has been
observed that cells exposed to planar uniaxial stretch
undergo rapid and dramatic remodeling of the actin cytoskeleton [Yoshigi et al., 2005; Hsu et al., 2010; Lee et al.,
2010]. In this study, although the mechanical stress is obviously very different, we were curious to observe if a similar
phenomenon would take place. In HeLa cells, we observed
stress fibers primarily appearing at the basal membrane near
the substrate but also above and around the nucleus (Fig.
6D). We acquired LSCM volumes before and after a 10
min deformation caused by a constant 10-nN force applied
with the AFM tip. Although there appears to be some displacement of the actin stress fibers, consistent with our previous work [Guolla et al., 2012], they were not observed to
disassemble during the deformation. ICA performed on
regions of interests (ROIs) containing visible actin stress
fibers demonstrates that there is only minor movement of
F-actin within the basal plane, as shown in Fig. 6D. Values
of ICQs were similar for deformed (0.134) and recovered
(0.139) cells, indicating very little movement of the fibers.
In some cases, a minority of actin stress fibers were observed
to remodel, however overall, the actin cytoskeleton was
observed to remain intact and relatively stable. We also
examined cortical regions of the cell membrane and similar
ICA results were obtained. Ratios of fluorescence intensity
in the regions were also examined before and after mechanical perturbation but no definitive results were obtained
(data not shown). However, this analysis certainly does not
rule out the possibility of cortical actin remodeling dynamics in response to mechanical perturbation due to the fact
that such fine actin structure in the cortex is not easily
resolvable with standard LSCM.
Cytoskeletal Disruption

Given the results of the experiments reported above, we
hypothesize that the integrity and rapid recovery of the
membrane is governed by the stability and contractility of
the underlying actin cytoskeleton. To test this, we pretreated cells for 15 and 30 min, respectively, prior to experiments with the well-known actomyosin contractility
inhibitors, ML7 (inhibitor of myosin light chain kinase,
MLCK) or Y27632 (inhibitor of rho kinase, ROCK).
Finally, we also performed experiments on cells pretreated
for 15 min prior to experiments with the actin destabilizing
CYTOSKELETON

Fig. 7. Immunofluorescent images of untreated and treated
HeLa cells. Immunofluorescent images of fixed HeLa cells – a
comparison of untreated and drug-treated cells. Left column
images are z-projections of the basal confocal planes containing
actin stress fibers and images in the right column are whole-cell
z-projections with corresponding YZ orthogonal views indicating the observed actin cortex. Cells treated with ML7 show no
noticeable difference in the appearance of their actin cytoskeleton. However, those cells treated with Y27632 and Cytd show
noticeable differences in their actin networks. Actin is completely depolymerized in the case of Cytd treated cells. Young’s
moduli are indicated with standard deviation. Green: Phalloidin
488 (actin), Blue: Dapi (nuclei), Scale bar 5 10 lm. [Color figure can be viewed in the online issue which is available at
wileyonlinelibrary.com].

drug, Cytochalasin-D (Cytd). The myosin-II inhibitor,
blebbistattin, was not employed in this study, as it is sensitive to 488 nm light and would decompose during the measurement [Sakamoto et al., 2005; Mikulich et al., 2012].
Although there was no noticeable morphological change
shown in HeLa cells treated with ML7, there were vast
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Fig. 8. The effect of cytoskeletal drugs on the membrane’s response to mechanical perturbation. A: Plot of the average ratio of
normalized deformation: initial cell height over time during a constant applied force of 10 nN. Cells treated with Y27632 (pink, N 5
19) and Cytd (green, N 5 8) experienced significantly increased membrane deformations in comparison to untreated cells (orange, N
5 26), and those treated with ML7 (black, N 5 13) (P < 0.05). B: Corresponding deformation over time for untreated and treated
HeLa. C: Red/green overlays comparing membrane deformation in untreated HeLa and D: Cytd-treated HeLa, following 10 min of
10-nN applied force. The deformation following treatment with both Cytd and Y27632 was much more severe than what was observed
for untreated HeLa. Destabilizing the actin cytoskeleton severely increased deformation, and impaired the ability of the cell to recover
following the perturbation. E: An example of a cell treated with Y27632 that did not fully recover following 2 min postforce removal.
The indentation is still visible in the XY plane as indicated by the arrow. Typically with an intact cytoskeleton we observed a quick
return of the membrane to its initial state, however without an intact actin network, recovery appears to be slower. Green - plasma
membrane at t 5 10 min of 10 nN deformation, Red – initial cell morphology (PH-PLCd-EGFP), Scale bars 5 10 lm. [Color figure
can be viewed in the online issue which is available at wileyonlinelibrary.com.]

differences in the appearances of cells treated with Y27632
and Cytd, in comparison to untreated HeLa cells (Fig. 7).
Prominent stress fibers were visible along the basal membrane with some adjacent and apical to the nucleus in
untreated HeLa cells. However, those treated with Y27632
lacked stress fibers. Cells treated with Cytd appeared to
have completely destabilized actin networks, and cell height
was slightly reduced. Cell height above the nucleus and surrounding cell periphery were alike, whereas untreated,
ML7, and Y27632-treated cells revealed a significant
decrease in cell height when comparing on-nucleus to offnucleus regions (Supporting Information Fig. S3). It was
also noted during experimentation (live cells) that a large
number of membrane blebs formed following Cytd treatment, as might be expected due to weakened interactions
between the membrane and underlying cytoarchitecture
[Dai and Sheetz, 1999; Barros et al., 2003; Charras et al.,
2006, 2008]. We have previously demonstrated that
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mechanically induced membrane blebs occur frequently in
response to AFM indentation in mouse embryonic stem
cells that have low phospho-ezrin-radixin-moesin expression
levels [Hemsley, 2011]. Elasticity measurements also
revealed that cells treated with ML7 demonstrated a nonsignificant (P > 0.1) change in cell cortical elasticity (4.0 6
2.2 kPa) in comparison to untreated cells (3.4 6 1.3 kPa),
while those cells treated with either Y27632 or Cytd
resulted in a significant decrease (P < 0.05) in elasticity
(2.8 6 1.3 kPa and 2.5 6 1.0 kPa, respectively). The
decrease in elasticity is in agreement with previous studies
and occurs as a result of actomyosin inhibition and cytoskeleton destabilization [Wu et al., 1998; Liu et al., 1999;
Rotsch and Radmacher, 2000; Charras and Horton, 2002;
Pelling et al., 2009; Hemsley, 2011; Guolla et al., 2012].
Employing the cytoskeletal inhibitors, we repeated the
experiments using a constant 10-nN force applied above
the cell’s nucleus. In Fig. 8, normalized (A) and nonCYTOSKELETON

normalized deformation (B) over a 10 min period of constant applied force is shown comparing untreated and pretreated HeLa cells. Corresponding with the lack of change
in morphology or Young’s modulus, cells treated with ML7
differed only marginally from control cells. Comparing the
total deformation at 10 min of loading demonstrated that the
difference was insignificant for ML7 (P > 0.35). On the
other hand, cells treated with Y27632, and Cytd, both experienced a significant increase in the total deformation experienced by the cell’s membrane (P < 0.05). The difference in
deformation was noticed visually between untreated HeLa
(Fig. 8C) and treated cells (Fig. 8D), as the treated cells
exhibited a pronounced outward expansion and deeper deformation, almost reaching the basal membrane. This observation coincides with the effect of a lowered elastic modulus
seen for these treated cells. Overall, we observed that regardless of the inhibitor employed, all cells respond to mechanical
deformation in a similar manner to control cells. Initially,
there is a rapid increase in deformation within the first
minute followed by a creep-like response over time. However,
inhibition of ROCK or destabilization of the actin cytoskeleton results in a 22% and 44% increase in deformation
over control cells, respectively (Supporting Information Fig.
S3).
We again performed the experiment while applying the
load off-nucleus (Figs. 3A, Supporting Information S3) while
simultaneously employing cytoskeletal inhibitors. We observed
similar percentages of deformation recovery as shown with
above-nucleus pushing experiments. In the case of ML7
treated cells, the membrane recovered from deformation in a
similar manner to untreated cells (90%). Slower recovery was
observed when cells were treated with Y27632 and Cytd. For
example, only 60% of cells treated with Y27632 and only
40% of cells treated with Cytd experienced any significant
recovery within the 2 min following tip removal. Timedependent deformation-height ratios were significantly altered
upon treatment with cytoskeletal inhibitors (Supporting Information Fig. S3). Increases in deformation-height ratios were
significant in comparison to untreated cells when Y27632 and
Cytd were employed, however only on-nucleus. This result
suggests that an intact actomyosin network is largely responsible for deformation resistance above the nucleus.
Repeating the experiment above the cell’s nucleus, in
these cases of cytoskeletal debilitation, demonstrated that
the membrane still recovered its original, predeformed state.
Within 2 min, almost all cells treated with ML7 recovered,
consistent with the behavior of untreated cells (80%). However, there was again a noticeable difference in the recovery
of cells treated with Y27632 and Cytd. In these cases only
50% and 20% of the cells were able to recover a substantial
portion of their undeformed height after 2 min, respectively. In some cases, even after several minutes of imaging,
a small amount of membrane indentation was still visible
(Fig. 8E). PI tests reveal that although the membrane did
not recover from indentation it indeed remained intact.
CYTOSKELETON

Fig. 9. Relative viscosities of untreated and treated cells and
nuclear versus cytoplasmic regions. Comparison of relative
viscosities of untreated (on-nucleus) membrane (ho) with treated
cells, and off-nucleus cytoplasmic regions. Relative viscosity offnucleus is significantly higher than on-nucleus, which corresponds with increased stiffness observed in force maps, suggesting the density of cytoskeletal filaments is higher in those
regions. The relative viscosity of Cytd is also significantly lower
than untreated HeLa, indicating a clear disruption in the actin
cortex. Error bars are standard error of the mean. Significance
(*) compared with on-nucleus untreated HeLa, determined with
independent student’s t-test (P < 0.05).

Mechanical Characterization of Cell
Deformation

Time-dependent normalized deformation (assumed here as
compressive strain) was fit to a Kelvin-Voigt model in an
attempt to measure the viscous time constant of the membrane (see Supporting Information methods for details).
The model fit the data extremely well (R2 > 0.95), and
results in time constants on the order of 1 min for both
untreated and treated HeLa cells (see Supporting Information methods Table S1). Although these rates are within
reason for the observed membrane creep, apparent viscosity
values are an order of magnitude higher than expected,
3–6 kPamin. Previous studies have reported membrane
viscosities within the range of 100–1000s of Pas [Darling
et al., 2006, 2007; Pelling et al., 2009; Ketene et al., 2012].
These values are intuitively high considering that honey, for
example, is in the range of 0.1–10s of Pa s [Yanniotis
et al., 2006]. This discrepancy is caused by using a simple
model to describe a highly complex biological system. As
well, the assumption of isotropic compressive strain is a
gross over-simplification of the loading conditions of the
locally applied force via a conical AFM tip. Many other
researchers have attempted to fit deformation and creep
data to a variety of viscoelastic models, and relevant parameters also vary widely [Karcher et al., 2003; Desprat et al.,
2005; Smith et al., 2005; Guilluy et al., 2011]. Despite
these limitations, it is worthwhile to note the significant difference between the creeping rates (Table S1) and relative
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apparent viscosities of on- and off-nucleus data (Fig. 9).
The creeping rate off-nucleus was observed to be 55%
longer than the on-nucleus data (from 1.16 s to 1.80 s) and
the relative viscosity also increased by 41%. These results
correlate well with force-maps showing that off-nucleus
stiffness is increased in comparison to on-nucleus regions
(Fig. 3B). This suggests that the dense mesh of the cytoskeleton in regions off-nucleus act in a more viscous-manner
resisting long-term deformation, more so than the nuclear
region (Fig. 3C). In response to various drug treatments,
only Cytd resulted in a significant decrease in on-nucleus
apparent viscosity. Under these conditions, the cell completely lacks an actin cortex in any form. By comparing on
and off-nucleus deformation, we were able to approximate
a relationship between total on- and off-nucleus strains,
with and without an intact cortex. Without an intact cortex
(Cytd-treatment) strain off-nucleus is reduced in comparison to on-nucleus ðeoff =eon 5 0:70Þ, compared to a nearly
equivalent strain ratio when the cortex is unperturbed
ðeoff =eon 5 0:95Þ. Taken together, these results support the
unsurprising notion that an intact actin cytoskeleton has a
major influence on the deformation and the recovery of the
cell to large deformations both on- and off- the nuclear
region. More importantly however, the data suggests that
the nucleus does not appear to play a major role in cell
shape recovery following deformation in the nuclear region.

Discussion
Eukaryotic cells have developed mechanisms in order to
respond to changes in their microenvironments – including
mechanical stresses imposed on them by other cells, or their
substrates, for example. Recently, researchers have begun to
shed light on the response of cells to mechanical loading,
which has been proposed as a regulator of cell function
[Dai and Sheetz, 1995; Liu et al., 1999; Yoshigi et al.,
2005; Trepat et al., 2007; Hsu et al., 2010; Hemsley, 2011;
Lecuit et al., 2011; Guolla et al., 2012]. Often, large-scale
forces occur in vivo [Ali and Schumacker, 2002; Lehoux
and Tedgui, 2003; Yin et al., 2005]. As well, large volumetric changes have been shown to occur in cases of cellular
blebbing [Charras et al., 2005], and motility [Keren et al.,
2009], thus it is important to quantify the response of cells
to forces at an extremum. In this study, we have employed
simultaneous AFM-LSCM to quantitatively measure deformation and recovery of the plasma membrane and underlying actin cytoskeleton in response to force at an extremum
of magnitude and aspect ratio. We specifically examined the
roles of the membrane, cortex, and nucleus in relation to
the response to locally applied nanonewton forces. Specifically, cells expressing PLC-d-EGFP allowed us to visualize
and directly measure the deformation of the membrane,
during a constant applied force of 10 min. We demonstrated that the depth of deformation of the plasma membrane was linearly dependent on the magnitude of the load
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applied within this range of forces (Fig. 2A), and that
despite prolonged stress and high aspect ratio deformations,
the cell membrane was impermeable (Fig. 4). We showed
that, for the majority of cells (80%), the plasma membrane and cortex can recover quickly from high magnitude
and high aspect ratio deformations, in fewer than 2 min.
An intact actin network is necessary for cell shape recovery,
and that the nucleus, despite encompassing a large portion
of the cell, does not appear to contribute to this recovery
process.
In an effort to extract a viscous time constant from the
observed creeping behavior, time-dependent strain data was
fit to a Kelvin-Voigt model for the various conditions tested
(on- and off-nucleus, cytoskeletal inhibitors, cortex versus
membrane) (see Supporting Information). Due to the lack
of a realistic model and simplifying assumptions about the
load applied and the cell material properties as well, absolute values obtained from the model must be taken with
caution, however some important insights can still be
gained (Table S1). Likewise, variances in mechanical
parameters have also been reported throughout relevant literature [Karcher et al., 2003; Desprat et al., 2005; Smith
et al., 2005; Guilluy et al., 2011]. Notably here, the relative
apparent viscosity of the nucleus was significantly lower
than that of the surrounding cytoplasm (Fig. 9), suggesting
that creep occurs at an increased rate for the softer nucleus
under a constant stress – which is observed in Fig. 3C. As
well, the relative viscosity of cells treated with Cytd was significantly lower than that of untreated cells, corresponding
with increased strain (Figs. 8A and Supporting Information
S3C). In addition, comparing the ratio of off- and onnucleus total strains ðeoff =eon Þ for untreated and Cytd
treated cells reveals the importance of an intact actin cytoskeleton. In untreated cells this ratio approaches 1
whereas the loss of intact actin results in a decrease to 0.7.
This data demonstrates that the deformation of the membrane on and off the nucleus is very similar suggesting that
the nucleus does not play a major role in resisting deformation. Cells treated with Cytd clearly demonstrate that an
intact actin cytoskeleton is required for resisting
deformation.
Recently, poroelastic models have been used to describe
relaxation of cells following mechanical perturbation
[Moeendarbary et al., 2013]. The cytoplasm, which
accounts for the majority of the cell volume, has been
shown to act as a biphasic material – with an elastic component comprised of the dense mesh of cytoskeletal filaments
and proteins, interspersed with liquid cytosol. Moeendarbary et al. have directly shown that the rate of cellular
deformation, and recovery, is dependent on the displacement of liquid through this mesh – which occurs on relatively short timescales [Moeendarbary et al., 2013]. It was
directly demonstrated that by exposing HeLa cells to hypoosmotic and hyperosmotic media, they increased and
decreased cellular volume, respectively, which corresponded
CYTOSKELETON

to a corresponding increase and decrease in diffusion constants. Thus, increased cellular volume correlated with a
more rapid stress relaxation. This phenomenon is consistent
with our results that demonstrate greater strain on-nucleus,
wherein the volume is much greater than the surrounding
off-nuclear regions, which react in a more viscous-like manner in comparison.
Following 10 min of a 10 nN constant applied force, we
have shown that untreated cells are compressed by approximately 50% (see Supporting Information Fig.S3C), which
is consistent with a previous study that examined the deformation ofcells with a spherical AFM indenter (40–50%
for forces around 50 nN) [Zimmer et al., 2012]. Remarkably, even with relatively large loads (20 nN), applied constantly for 10 min, the cell membrane remains undamaged
and rapidly recovers following removal of the AFM tip for
the majority of cells (80% of cells within 2 min) (Fig. 2E).
Using cytoskeletal inhibitors (ML7, Y27632, Cytd), we
showed that total strains increased (Supporting Information
Fig. S3) and that cell recovery was highly dependent on an
intact actin cytoskeleton. Y27632 and Cytd treatments
resulted in greater overall deformation of the membrane
during the 10 min experiments (Figs. 8A and 8B), as the
cantilever itself was shown to deform the cells (Fig.
8D).This is appreciable considering that elasticity measurements revealed a decrease in Young’s modulus values by
>20% due to actin destabilization (Fig. 7). Elasticity measurements in the range of several kPa have been previously
reported for epithelial cells measured using a similar
approach [Suresh, 2007; Charras et al., 2009], and
decreases in cell stiffness have also been noted previously
when employing Y27632 [Harris et al., 2012] and Cytd
[Rotsch and Radmacher, 2000] to destabilize the actin network. Others have reported Young’s modulus values within
the range of 1-several kPa for epithelial cells [Suresh, 2007;
Charras et al., 2009; Poh et al., 2012], and variances are
expected due to various measurement and analysis techniques [Mathur et al., 2001; Kuznetsova et al., 2007]. Upon
removal of the tip, recovery was not observed to occur as
readily after 2 min, compared to control cells (50% and
20% for Y27632 and Cytd-treated cells, respectively).In
some cases, particularly for cells treated with Cytd, the
recovery was significantly impeded. These results demonstrate that although an intact actin cytoskeleton is required
for rapid membrane shape recovery, its absence does not
preclude a slow relaxation back to an initial state. This
clearly indicates the importance of cell shape – which has
been shown previously to influence function and pathology
[Grimm et al., 2003; Ingber, 2006; Lecuit et al., 2011;
Levayer and Lecuit, 2012].
Inhibition of rho-kinase mediated contractility with
Y27632 has been shown to drastically reduce the presence
of actin fibers in HeLa cells (see Fig. 6 and [Yoshizaki et al.,
2004]), as well as reduce the elastic modulus in a variety of
cells [Tinevez et al., 2009; Harris et al., 2012]. Charras
CYTOSKELETON

et al. have also shown that metaphase HeLa cells treated
with Y27632 do not bleb when exposed to latrunculin,
which induces blebbing in untreated cells, due to the loss of
acto-myosin contractility [Charras et al., 2008]. Therefore,
it is not surprising that the use of Y27632 affects the ability
of the cell to recover from large deformations. In a paper by
Brzeska et al. [Brzeska et al., 2004] HeLa cells transfected
with RacQ61 were used to determine if active Rac results
in increased activity of kinases (PAK, ROCK, MLCK) and
subsequently increased myosin light chain (MLC) phosphorylation (p-MLC). Transfected cells were subjected to
inhibitors of the aforementioned kinases (Tat-PAK,
Y27632, and ML7, respectively). The researchers found
that RacQ61 did increase p-MLC which was colocalized
with actin in fibers and peripheral bundles. Concentrations
of 5 and 10 lM of ML7 had no effect on p-MLC of nontransfected HeLa and only a small decrease in RacQ61
transfected cells; however, cells treated with 10 lM of
Y27632 resulted in a significant reduction of p-MLC for
both non-transfected cells and those transfected with
RacQ61 [Brzeska et al., 2004]. Furthermore, MLCK, as
opposed to ROCK, has been shown to have an insignificant
effect on the velocity of cleavage furrow contraction during
cytokinesis of HeLa cells, as determined by inhibition with
ML7 and Y27632, respectively [Yoshizaki et al., 2004].
These results indicate that ROCK is the main kinase
responsible for p-MLC in HeLa cells, which explains why
there was no observed effect of ML7 in our study, for either
Young’s modulus measurements or deformation response of
these cells, in comparison to untreated HeLa.
From our observations, and others [Dai and Sheetz,
1999; Charras and Horton, 2002; Blanchard et al., 2009;
Diz-Munoz et al., 2010], it is evident that the cytoskeleton
provides much of the necessary structural support required
to maintain a cell’s preferred morphology. Membrane tension, however, may be partially responsible for this observed
recovery. Membrane tension has been shown to play a role
in cell motility [Houk et al., 2012] and morphological
changes [Boulant et al., 2011; Gauthier et al., 2011], and is
also directly related to acto-myosin contractility [Morris
and Homann, 2001; Delanoe-Ayari et al., 2004], however
how tension affects whole-cell mechanics remains largely
unknown (reviewed in [Diz-Munoz et al., 2013]). In order
to study the membrane’s role in the time-dependent deformation response, the membrane-bound fluorescent labels
WGA and DiD were employed (Supporting Information
Fig. S1). By labeling the membrane with the lipophilic
tracer DiD, membrane stiffness was only nominally
increased. Although lipophilic tracers insert themselves into
the plasma membrane through partitioning, it has been
shown that their inclusion has little effect on mechanical
properties of the membrane [Bouvrais et al., 2010]. Measurements are difficult to reproduce, owing to sensitivity of
dye and cell concentration [Jensen, 2012], as well as the
occurrence of microenvironmental contamination [Lassailly
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et al., 2010]. In agreement with earlier studies [Evans and
Leung, 1984; Charras et al., 2008], incubation of cells with
WGA significantly increased the apparent membrane elasticity, as determined by AFM force-indentation curves.
Despite this increase in stiffness, WGA labeling led to a surprising increase in time-dependent deformation (see Supporting Information Fig. S2). The load applied here is
highly localized, resulting in high aspect ratio high magnitude deformations, and so it is possible that a stiffer membrane experiences shearing effects rather than bending.
Plasma membranes of erythrocytes have been shown to
have a low shear modulus [Henon et al., 1999] and a relatively high elastic modulus [Hochmuth and Waugh, 1987].
Compression resistance for soft membranes is supplied by
the elastic modulus due to undulations as well as intermolecular separation [Boal, 2012]. Recently, caveolae have
been shown to provide relief of the sudden onset of
increased tension – by increasing the surface area of the
membrane [Gervasio et al., 2011; Sinha et al., 2011]. It is
probable that WGA lectin binding to the outer surface of
the membrane reduces intermolecular separation and
supresses these undulations and the ability to relieve tension
by increases in surface area. Sterol-lipid interactions and
their ordering also plays a role in membrane stiffness and
bending rigidities [Henriksen et al., 2006], and so it is not
surprising that binding to the outer membrane surface will
also change its mechanical properties.
The plasma membrane offers little resistance to changes
in shape [Vlahakis and Hubmayr, 2000], as observed here
by prominent deformations that conform to the AFM
probe (Fig. 8B). Importantly, applied forces do not result in
membrane damage as confirmed by PI tests (Figs 4A–4D)
and as seen by the EGFP outlining the AFM tip during
indentation (Fig. 1C) [Silberberg et al., 2008]. Although
not measured directly here, cells conserve their volume during these high aspect ratio deformations, as indicated by a
return to initial cell height in most cases (80%) of untreated
cell recovery without changes in basal membrane area,
which is in agreement with volume conservation observed
by others during mechanical deformation [Harris and
Charras, 2011; Harris et al., 2012; Zimmer et al., 2012].
Prior research reports a range of force magnitudes which
lead to puncturing of lipid bilayers in vitro [Hategan et al.,
2003; Obataya et al., 2005; Cuerrier et al., 2007]. Breakthrough force was shown to be linearly proportional to the
logarithm of the approach speed using model bilayers on
solid substrates [Franz et al., 2002]. Microinjection has
been demonstrated in vitro with the use of carbon nanotube
tips [Chen et al., 2007], but with less success using pyramidal tips [Cuerrier et al., 2007]. A jump in the force-distance
measurements made during tip indentation has been proposed to be correlated to a penetration of the lipid bilayer,
and have been shown on solid-supported lipid bilayers as
well as with eukaryotic cells [Franz et al., 2002]. Despite
the success of membrane penetration with high aspect ratio
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tips, others have noted that standard conical tips, in opposition to sharp tips (such as carbon nanotubes), result in a
gradual force increase upon tip-sample contact [Vakarelski
et al., 2007; Harris and Charras, 2011]. This suggests that
the membrane is deformed through bending and stretching
around the tip when the applied force is distributed over a
larger contact area. In our deformation experiments the
force magnitude is quite large; however the surface area
over which it is transmitted is also relatively large. Theoretical models propose that isotropic membrane tension distributes the highly localized load of the AFM tip radially
[Sen et al., 2005]. These large deformations (without puncturing) of the plasma membrane support the idea of lipid
recruitment – and possibly lipid trafficking, in order to
maintain membrane integrity [Tschumperlin et al., 2000].
Long and short-range trafficking of lipids has been shown
to occur along microtubules and actin filaments, respectively [Kamal and Goldstein, 2000], thus if these filamentous networks are disrupted, membrane recovery may be
delayed, which may explain the slow recovery observed
with Y27632 and Cytd treatments.
The ability of the membrane to recover within a relatively short period of time (2 min) could be influenced by a
number of factors including surrounding intracellular components such as other cytoskeletal networks, or the nucleus,
as well as mechanical regulators such as osmotic pressure.
Filamentous networks such as microtubules, which are
known to influence cell polarity and nuclear positioning
[Rodionov et al., 1993; Brangwynne et al., 2006], may be
partially responsible for the recovery response of the membrane. Intracellular organization has also been partially
implicated to be the result of dynamic remodeling of intermediate filaments [Goldman et al., 1996; Helfand et al.,
2004], and so they too may influence the response to a local
perturbation. Connectivity with microtubule and actin networks, via molecular motors such as kinesin and cytoplasmic dynein, links intermediate filaments with the response
to any local deformation of either of these networks.
Although we did not specifically address the role of microtubules or intermediate filaments here, it is clear that they
must provide partial resistance to deformation, as they are
tethered to both the actin network and membrane. As well,
nonequilibrium hydrostatic pressure, caused by mechanical
perturbation, has been shown in vitro to induce membrane
blebbing in embryonic stem cells [Charras et al., 2006].
Considering that there were no observed adhesive interactions between the cell and membrane, as observed by measured AFM force-curves here, it is unlikely that adhesion to
the retracting tip is the driving force behind the observed
recovery. Osmotic driven pressure seems to be a likely candidate in the initiation of the recovery process.
Besides the role of filamentous networks and cellular
pressure, the nucleus has been shown to play an important
role in mechanotransduction [Guilak, 1995; Dahl et al.,
2008]. Extracellular forces are transmitted to the nucleus
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via the cytoskeleton, through the Linker of Nucleoskeleton
and Cytoskeleton complex, which involves proteins that
connect the inner and outer nuclear membrane to the surrounding cytoskeleton [Crisp et al., 2006]. Disruption of
this complex is known to result in diseased pathologies and
has been shown to result in loss of cellular stiffness [Stewart-Hutchinson et al., 2008]. Considering that the nucleus
has been previously shown to be the stiffest cellular component [Caille et al., 2002], its presence in relation to a local
mechanical load should be quite significant. Here, mechanical loads were locally applied above the cell’s nucleus, and
we hypothesized that the membrane recovery, following
deformation, was largely attributed to that of the underlying nucleus. Although the nucleus was also deformed during
the 10 min of sustained deformation, it was also observed to
recover along with the membrane, as shown by a reduction in
its deformation after 2 min following removal of the AFM tip
(Fig. 2C). By repeating the experiment off-nucleus (Fig. 3A),
we showed that the surrounding cytoplasm resulted in less
creeping behavior over time (Figs. 3C and 3D). AFM forcemaps showed that the nuclear regions are 2–3 times softer
than the surrounding cytoplasmic regions (Fig. 3B), in agreement with Yokokawa et al. [Yokokawa et al., 2008]. Although
a softer nucleus seems contrary to predominant reports of stiff
nuclei [Guilak et al., 2000; Caille et al., 2002; Dahl et al.,
2005], others have also noted stiffer cytoplasmic regions
[Shroff et al., 1995; Costa and Yin, 1999; Yamane et al.,
2000]. A stiff surrounding cytoplasm is likely due to higher
density of cytoskeletal filaments [Hofmann et al., 1997;
Yamane et al., 2000; Nagayama et al., 2004], which corresponds with a decrease in normalized deformation (compressive strain) (Fig. 3C) and increased relative viscosity (see Figs.
9, and Supporting Information S3). Again, we observed rapid
membrane deformation recovery within 2 min following
removal of the tip in 90% of cells, indicating that the cell
can recover independently of the nucleus.
Local control of cell morphology has been proposed as a
fundamental mechanism for regulation of tissue development [Chen et al., 1997], and so one would expect that
neighboring cells will influence one another. By performing
the experiment (10 nN for 10 min) on single cells we unexpectedly demonstrated that there was no significant difference in overall deformation, in comparison to cells within a
monolayer (Fig. 5B). Although there appears to be no clear
mechanical influence arising from cell density, there are several examples where a local deformation has been shown to
induce biochemical effects in cells adjacent to the perturbation [Charras and Horton, 2002; Grimm et al., 2003;
Ingber, 2006; Lecuit et al., 2011; Levayer and Lecuit,
2012]. For example, mechanical stimulation has been
shown to induce calcium signaling between cells [Charras
and Horton, 2002]. Despite the lack of an observed influence of cell–cell contact on the total deformation by the
AFM tip, we note that within a monolayer of cells there
was often a clear transmission of force to neighboring cells.
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Cell–cell contact may not provide enough structural influence to effect localized deformations, however it is clear
from the results of others that these loads can lead to the
onset of downstream intracellular biochemical signaling.
Moreover, deformations taking place over much larger
length scales (whole-cell) may be more significantly influenced by the presence of an intact cell monolayer.
Complete actin remodeling has been shown to occur within
1 min in vitro [Watanabe and Mitchison, 2002], therefore it
is also reasonable to postulate this process as a driving force
behind the observed cell shape recovery. However, a small percentage of cells treated with Y27632 (50%) and Cytd (20%),
wherein actin polymerization is clearly inhibited (Fig. 7), still
recover following prolonged deformation, making it unlikely
that the recovery process is related to remodeling of the actin
cortex. By imaging in the plane of the basal membrane, during
application of the applied load, we were also able to visualize
any changes in the orientation and morphology of actin stress
fibers (Fig. 6D). In some cases we observed some minor actin
stress fiber reorientation and remodeling over the 10 min perturbation, but no clear differences were observed in contrast to
our previous work on single fibroblast cells [Guolla et al.,
2012]. In previous studies, the actin cytoskeleton has been
observed to fluidize in response to planar uniaxial stretch
[Fabry and Fredberg, 2003; Trepat et al., 2007; Krishnan
et al., 2009b]. This type of response was not observed here, at
least within the time frame of loading in our experiment.
However, obviously the mechanical stimulus in this study is
clearly very different than planar stretching. In some cases, we
did observe a slight cellular contraction following removal of
the load, which corresponds with previous works demonstrating that actin contractility occurs in response to an external
mechanical load [Levayer and Lecuit, 2012]. When examining
the actin cortex, we also did not observe any quantifiable
changes in fluorescence intensity and distribution. However,
this certainly does not rule out the possibility of force-induced
actin remodeling as imaging these structures is beyond the
capabilities of a standard LSCM.
Although the membrane itself plays a role in the organization of actin filaments in vitro, it has become evident that
the interplay between the actin cytoskeleton and plasma
membrane governs their respective organization [Kunda
et al., 2008; Yang et al., 2009; Saarikangas et al., 2010]. In
particular, the plasma membrane has been shown to influence the local organization of actin at the cell periphery
[Grimm et al., 2003; Yang et al., 2009]. Conversely, the
cortex, acting as the primary junction between the inner
and outer microenvironments, has been shown to enable
rapid changes in cell shape, in response to mechanical
stresses exerted on, or by, the cell [Farsad and De Camilli,
2003; Liu et al., 2008; Diz-Munoz et al., 2010]. The link
between the membrane and actin cortex has been shown to
influence both cellular function and form [Charras et al.,
2006; Diz-Munoz et al., 2010; Salbreux et al., 2012], and
is important for cell shape recovery. For example, in skeletal
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muscle the basal lamina is directly linked to the cell membrane through transmembrane proteins. Han et al. have
shown that dystroglycan, one of these proteins that link the
basal lamina to the sarcolemma (underlying sarcomere
structure) is a key player in maintaining membrane integrity during stretching motions [Han et al., 2009]. By irradiating a region of damage into intact muscle fibers in situ,
they demonstrated that although the membrane was able to
repair itself in roughly 2 min, the integrity of the membrane was disrupted with a lack of dystroglycan connecting
the basal lamina. Other proteins such as the Ezrin-RadixinMoesin family have also proved critical in maintaining cell
shape and function [Kunda et al., 2008]. Subcellular structures such as microvilli, which are prevalent in HeLa, and
whose constituents include the plasma membrane and links
to the cytoskeleton may also play a role in resisting deformations [Porter et al., 1974], albeit smaller deformations in
comparison to those applied here. Research has shown that
disrupting this link alters the mechanics of these elastic-like
filamentous structures, and viscosity of the microvilli are
reduced [Python et al., 2010].
In this study, by deforming HeLa cells with high aspect
ratio, high magnitude forces, we were able to demonstrate that
the membrane strongly resists penetration, and that the cytoplasm, consisting of an intact actin network, is primarily
responsible for the recovery of cells post-perturbation. Importantly, we demonstrated that the nucleus, which contributes to
a large portion of the volume of the cell, is comparatively soft
in regard to off-nucleus regions, nonresistant to deformation,
and does not aid in cell shape recovery. Indeed, here we have
directly shown through direct visual measurements that the
cortex allows the cell to recover from large-scale external perturbations. Without an intact cytoskeleton cells attempt to
recover predeformed morphology – albeit more slowly. It is
becoming increasingly evident that the link between these two
major cellular components is quite important in any mechanotransduction process. Future studies disrupting this link,
while characterizing cellular responses to deformation will
shed more light into these crucial recovery processes.

Materials and Methods
Cell Culture

HeLa cells were cultured at 37 C and 5% CO2 in DMEM
with 10% heat inactivated fetal bovine serum and 1% penicillin (100 IU/mL), streptomycin (100 1g/mL) (Hyclone).
Cells were cultured on 100 mm dishes (Corning) and
seeded onto 35 mm glass bottom dishes (Mat Tek) in 2.5
mL of culture media.
Plasmids and Transfections

HeLa cells were cultured on 35 mm glass bottom dishes
(Mat Tek) to 60% confluency before transfections. Plasmids for the PH domain of PLC-d conjugated to EGFP and
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LifeAct-Ruby have been described previously [Pelling et al.,
2009; Hemsley, 2011]. Transfections were performed using a
1:1 ratio of Lipofectamine 2000 (Invitrogen) and 0.6 mg of
plasmid DNA diluted in OptiMEM (Invitrogen). The transfection complex was completely removed and replaced with
culture medium 45 mins later. Experiments were performed
the following day. Immediately prior to the experiment,
Hoechst 33342 (Invitrogen) was used to stain the HeLa
DNA, according to manufacturer specifications.
Drug Treatments

Cells were pretreated for 30 min prior to an experiment with
either the rho-kinase inhibitor Y-27632 (10 mM, Sigma) or
for 15 minutes with the MLC kinase inhibitor ML-7 (30
mM, Sigma). In other experiments cells were pretreated for
15 mins with the actin destabilizing drug Cytd (10 mM,
Sigma). All cells were pretreated in a cell culture incubator at
37 C and 5% CO2 immediately before experiments.
Membrane Integrity Test

PI nucleic acid dye (Invitrogen) was used to determine membrane integrity after deformation with the AFM tip. PI was
mixed in DMEM (1:500) and added to the cells. 0.5% TX
(1:10) was added to the dish following imaging to deliberately destabilize the membrane as a positive control.
Membrane Labeling

Membrane-bound dyes WGA (Invitrogen), and a longchain dialkyl carbocyanine dye (DiD 700 nm) (Invitrogen)
were separately added to untreated HeLa in an attempt to
stiffen the plasma membrane. WGA is a lectin that binds to
N-acetyl-D-glucosamine and sialic acid, it is conjugated to
Texas Red-X (595 nm) and so produces a bright red fluorescent signal of the membrane when incubated with
untreated HeLa cells. A ratio of 1:300 of 1 mg/mL WGA
was added to DMEM before performing the experiment.
Approximately 0.2% DiD total volume was added to
HBSS containing 5% 0.5M Ca21 and 10% 0.5M MgCl2
and incubated with untreated HeLa for 15 min, followed
by a change of HBSS prior to the experiment.
Immunofluorescence Staining

Cells were fixed using 3.5% paraformaldehyde and permeabilized using TX at 37 C. Cells were stained for actin
using Phalloidin Alexa Fluor 488 (Invitrogen), and DNA
using DAPI (Invitrogen). Confocal microscopy images
were acquired for untreated and drug-treated cells.
Combined Atomic Force and Confocal
Microscopy

Images of living cells were acquired with the Nikon TiE
A1-R high-speed resonant LSCM using a 60X/NA1.2 water
immersion objective lens. A NanoWizard II (JPK Instruments) AFM was integrated with the LSCM to perform
CYTOSKELETON

simultaneous AFM-LSCM experiments. All membrane
deformation experiments were performed in resonant
mode. Experiments imaging of actin stress fibers deformation were performed in galvano mode. The thermal fluctuation method [Hutter and Bechhoefer, 1993] was used to
determine cantilever spring constants which had an average
value of 0.07 6 0.03 N/m. MSCT-AUHW Gold coated
silicon nitride cantilevers were used in all experiments
(Veeco). Cell elasticity was determined by recording forcecurves centered above the nucleus. The Hertz model for a
conical tip (200 nm indentations) was fit to the forcedistance curves [Matzke et al., 2001], in order to derive the
local Young’s modulus of the cell membrane (PUNIAS
Software) [Carl et al., 2001]. Force-maps over entire cells
(untreated HeLa only) were performed and analyzed using
JPKSPM Data Processing software. A scan area of 32 3 32
lm (1lm:1pixel) was probed with an approach rate of 2
Hz and speed of 10 lm/s for a relative set-point of 1 nN.
For AFM indentation experiments, we performed 4D imaging by acquiring confocal volumes every minute (each volume consisted of 30 confocal planes, each 0.5-lm thick).
Appropriate laser lines and filter sets were employed for
each fluorophore. Immediately following the first confocal
volume at t 5 0 (before indentation), the AFM tip was
brought into contact with the cell membrane, centered
above the nucleus, and a constant force was applied (5, 10,
or 20 nN) for an additional 10 min. Following the 10 min
of applied force, the tip was retracted and the cell membrane was allowed to recover and a final confocal volume
was captured. Local elasticity measurements were made
before and after indentation experiments.
Image analysis
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