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Abstract

Protrusions are deformations that form at the surface of living cells during biological activities such as cell migration. Using
combined optical tweezers and fluorescent microscopy, we quantified the mechanical properties of protrusions in adherent
human embryonic kidney cells in response to application of an external force at the cell surface. The mechanical properties
of protrusions were analyzed by obtaining the associated force-length plots during protrusion formation, and force
relaxation at constant length. Protrusion mechanics were interpretable by a standard linear solid (Kelvin) model, consisting
of two stiffness parameters, k0 and k1 (with k0.k1), and a viscous coefficient. While both stiffness parameters contribute to
the time-dependant mechanical behavior of the protrusions, k0 and k1 in particular dominated the early and late stages of
the protrusion formation and elongation process, respectively. Lowering the membrane cholesterol content by 25%
increased the k0 stiffness by 74%, and shortened the protrusion length by almost half. Enhancement of membrane
cholesterol content by nearly two-fold increased the protrusion length by 30%, and decreased the k0 stiffness by nearly two-
and-half-fold as compared with control cells. Cytoskeleton integrity was found to make a major contribution to protrusion
mechanics as evidenced by the effects of F-actin disruption on the resulting mechanical parameters. Viscoelastic behavior of
protrusions was further characterized by hysteresis and force relaxation after formation. The results of this study elucidate
the coordination of plasma membrane composition and cytoskeleton during protrusion formation.
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Introduction

Cellular protrusions are deformations that form at the surface of

living cells under certain biological conditions. Protrusions can

occur during cell migration at the leading edge of the cell in form

of lamellipodia and filopodia [1–3]. Another example of protru-

sions, induced during inflammation, is mediated by receptor-

ligand attachments and formed at the surface of leukocytes rolling

over endothelium [4–7]. Protrusions involve the cell plasma

membrane and underlying cytoskeleton, with the interplay

between these two cellular components essential in protrusion

formation [8], and a determining factor for changes in protrusion

phenotypes [9,10].

Changes in membrane composition and cytoskeleton physical

properties are reported to influence the behavior of cell

protrusions. Depletion of membrane cholesterol inhibited the

formation of microtubule-based protrusions, presumably due to

changes in membrane mechanical properties upon cholesterol

depletion [11]. High levels of membrane cholesterol in polymor-

phonuclear leukocytes attenuated the pseudopodia retraction in

response to shear flows, indicating a link between plasma

membrane fluidity and cellular mechanotransduction [12]. Paral-

lel to the effects of membrane biophysical properties, cytoskeletal

mechanics also have associated effects on protrusions. Cell cortical

tension limited the lamellipodia outgrowth in adherent Walker

carcinosarcoma cells, and acted as a determining factor for the

switch between bleb and lamellipodia types of protrusion [2].

While these studies indicate the important role of plasma

membrane and cytoskeleton on cell protrusion extension and

retraction, the contributions of these two cellular components in

protrusions have not been well established. To this end, herein, we

present a quantitative investigation of the effects of plasma

membrane composition and cytoskeleton integrity on mechanical

properties of cellular protrusions. Protrusions were formed by

application of an external force on the cell surface with an

optically-trapped microsphere. We used human embryonic kidney

(HEK) cells whose plasma membrane mechanical properties have

been recently studied, and correlated to membrane cholesterol

content by this group [13]. To discern the role of membrane

composition on cell protrusions, we varied the membrane

cholesterol content of HEK cells and quantified the protrusion

mechanical properties using optical tweezers. To establish the role

of cytoskeleton on protrusion mechanics, we repeated experiments

on cholesterol enriched and cholesterol depleted cells after

disruption of cytoskeleton F-actin. Relative contributions of the

plasma membrane and cytoskeleton in protrusion formation and

mechanics were studied through comparing their various quan-
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tified metrics under different cholesterol manipulation conditions

for cells with intact and disrupted F-actin.

Materials and Methods

Cell Culture
Human embryonic kidney (HEK293) cells (ATCC, CRL-1573)

were seeded in Dulbecco’s modified eagle medium (DMEM,

Gibco) with 10% fetal bovine serum (FBS, Invitrogen) and 1%

Penicillin/Streptomycin (Gibco). Cells were incubated in an air

jacketed CO2 incubator (NuAire) at 37uC with 5% CO2. When

the cells were 70–80% confluent, they were passaged into glass

bottom poly-d-lysine coated MatTek plates (P35GC-1.0-14C).

Cells of medium size (<10–20 mm diameter) were selected for

measurements if they were firmly attached to the bottom of the

Petri dish. All experiments were performed within 30 minutes of

removal of the cells from the incubator.

Cell membrane cholesterol manipulation
A commonly used method to modify the membrane cholesterol

content is incubation of cells with cyclodextrins [14]. Cells were

incubated in DMEM containing 5 mM methyl-b-cyclodextrin

(MbCD) (Sigma) to reduce the membrane cholesterol content. We

used water-soluble cholesterol with MbCD (51 mg cholesterol per

gram of cholesterol+MbCD) (Sigma) for cholesterol enrichment.

Cells were incubated in DMEM containing 5 mM water-soluble

cholesterol (at 5 mM MbCD concentration) to enrich the

membrane cholesterol content. Incubation time was 30 minutes

at 37uC and 5% CO2 in both cholesterol depletion and cholesterol

enrichment experiments [15].

Cell membrane cholesterol quantification
We assumed the membrane cholesterol concentrations for each

cholesterol modulation condition to be the same as those reported

in our previous report [16]. In that study, membrane cholesterol

content for control and cholesterol manipulated HEK cells was

quantified using the Amplex Red cholesterol assay. Briefly, this

colorimetric assay is based on the reaction of cholesterol with

cholesterol oxidase to yield H2O2 which can be detected using the

Amplex Red reagent. The membrane cholesterol concentration

for normal (control) HEK cells is 7.560.8 pmol/mg protein. The

membrane cholesterol concentration in cholesterol depleted cells,

based on the use of 5 mM MbCD concentration, is

5.760.8 pmol/mg protein. In the case of cholesterol enriched

cells, the membrane cholesterol concentration, based on the use of

5 mM water-soluble cholesterol at 5 mM MbCD concentration, is

17.360.6 pmol/mg protein.

Cytoskeletal F-actin disruption
We used Latrunculin-A dissolved in dimethyl sulfoxide (DMSO)

(EMD Chemicals, Gibbstown, NJ) as a reagent that inhibits F-

actin polymerization. Specifically a 1:1 molar complex between

Latrunculin-A and G-actin forms, preventing the G-actin from

repolymerization into filaments [17,18]. It is reported that

treatment of cells with Latrunculin-A results in decoupling of the

cytoskeleton actin from the plasma membrane; for example,

transmembrane proteins such as integrins and cadherins lose their

connections to F-actin [19]. F-actin disruption was performed after

each type of cholesterol modulation, and prior to the protrusion

formation experiments. Specifically, cells were incubated in

DMEM, and Latrunculin-A solution was then added to DMEM

to a final concentration of 2 mM. Cells were incubated in

Latrunculin-A containing medium for <10 minutes at 37uC and

5% CO2, and the medium was then replaced by DMEM at 37uC

prior to protrusion formation experiments. There was no

observable evidence of damage to cells due to DMSO application.

Optical tweezers setup, force calibration, and
fluorescence microscopy

We optically trapped 4 mm diameter (d) sulfate-modified

fluorescent polystyrene microspheres (beads) (F-8858, Molecular

probes, Eugene, OR), and used them as handles to induce local

cell deformation, in the form of a protrusion, by pulling the cell

away from the bead (Fig. 1). An infrared Nd:YVO4 diode-pumped

solid state laser (1064 nm, Prisma-1064-8-V, Coherent) was used

to create the optical tweezers [13]. The optical tweezers setup

consisted of an inverted microscope (Nikon Eclipse Ti-DH)

containing a 100X oil immersion objective with high numerical

aperture (NA = 1.49) (Nikon, Apo TIRF) through which the laser

beam was passed and converged to form an optical trap. The laser

beam was expanded prior to entering the microscope to fill the

back aperture of the microscope objective.

The excitation spectrum of the fluorescent beads is between 480

and 590 nm with maximum fluorescence emission at 605 nm.

Excitation light from a mercury source (Nikon, Intenslight, C-

HGFI) passed through a filter set (Nikon, TRITC, TE 2000) to

illuminate the trapped bead. The filter set included an excitation

filter (525–560 nm), a dichroic mirror that reflected the excitation

light into the objective to illuminate the trapped fluorescent bead,

and an emission filter (570–620 nm), which transmitted the

emitted light from the bead. An emission bandpass filter (Chroma,

605625 nm) was placed in front of a position sensing quadrant

photo-detector (QPD) (QP50-6SD, Pacific silicon sensor, Westlake

village, CA) to specifically select the fluorescent emission from the

bead.

We optically monitored the displacement of the bead as a

method to determine forces associated with protrusion formation

and elongation. The fluorescent image of the trapped bead was

projected onto the center of the QPD to measure the displacement

of the trapped bead from the trapping center. Using an analog-to-

digital converter (Wavebook 521, IOTEch, Cleveland, OH), the

sum-and-difference output signals (in mV) from the QPD amplifier

Figure 1. Schematic of a protrusion induced on an adherent
living cell using optical tweezers. The protrusion forms in response
to application of a tensile force (F) on the cell surface in y direction by a
laser trapped microsphere (bead) (drawn not to scale). A quadrant
photodetector records the instantaneous displacement of the trapped
microsphere from the trapping center for force measurements while
the stage is driven in the negative y direction.
doi:10.1371/journal.pone.0057147.g001
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were digitized and subsequently recorded by WaveView software

(WaveView 7.14.16, IOTech). The collection frequency was

66.66 Hz. A charge-coupled device (CCD) camera (Hamamatsu

Corp., EM-CCD, C9100/13, Bridgewater, NJ) was used to

visualize the objects in the field of view.

The change in QPD output voltage signal is proportional to an

external force such as the force exerted by the cell onto the bead.

The output voltage signal of the QPD was calibrated for the

external force using the viscous drag force method based on

Stokes’ Law [20]. In this method, a known drag force was applied

to the trapped bead while recording the resulting differential signal

from the QPD. The drag force was generated by driving a

piezoelectric translation stage (PZT) (Physik Instrumente, Model

P-527.C3, Waldbronn, Germany) at known velocities. The

resolution of the piezoelectric stage was 10 nm in x and y

directions, and 2 nm in z directions (laser beam propagation

direction). The applied force was linearly fit to the output voltage

of the QPD (R2 = 0.99). In this study, calibration and force

measurements were performed at laser power of 350 mW after the

microscope objective with trap stiffness typically ranging between

<100 and 200 pN/mm. There was no evidence of thermally

induced structural damages in the living cells at this power and

trapping wavelength. The relationship between the bead displace-

ment and QPD signal was determined by applying known

displacements to a coverslip-immobilized bead while recording

the QPD voltage signal. There was a linear relationship between

the bead displacement and QPD output signal (R2 = 0.97). We

measured both voltage-force and voltage-displacement relation-

ships before each experiment.

Protocol for formation of cell protrusion
Once a bead was optically trapped, a cell firmly attached to the

bottom of the Petri dish, was brought to proximity (<0.5 mm) of

the bead using the PZT stage. We then triggered the PZT to move

the cell toward the trapped bead at 10 nm steps until they were in

contact, as determined by appearance of a non-zero differential

QPD signal. The mechanism of the bead-cell membrane

attachment in our experiments is non-specific, and involves

electrostatic interactions between the sulfate-modified polystyrene

beads and the cell plasma membrane.

The bead and the cell were in contact for <5–10 seconds to

achieve plasma membrane-bead attachment, and then the cell was

subsequently moved away from the bead at 1 mm/s, forming a

protrusion (Fig. 1). A sequence of images showing the protrusion

formation process in our experiments is provided in the

Supporting Information (Fig. S1 and Text S1). The movement

of the cell continued to the point where the plasma membrane

separated from the cytoskeleton as determined by a sudden

reduction in force from its maximum value. An illustrative

temporal force profile is presented in the Supporting Information

(Fig. S2 and Text S2).

Fluorescence imaging of the trapped microsphere eliminated

the force measurement artifact that arises under bright-field

illumination when the microsphere is in proximity of the cell

[21,22]. Assuming the indentation depth (Dh) produced by a 4 mm

diameter microsphere in the plasma membrane to be #10 nm, the

patch radius is estimated as rp#dDh or rp#0.2 mm [21]. Therefore,

with patch area defined as Ap = prp
2, it was estimated as

Ap#0.126 mm2.

Measurement of cell protrusion length
Length of the cell protrusion (xpt) was determined by using the

instantaneous piezoelectric stage displacement (xPZT), and the

transverse displacement of the trapped bead from the trapping

center (xbead) in the pulling direction (Eq. 1) [21]:

xpt(t)~xPZT (t){xbead (t) ð1Þ

The schematic of a bead-cell system is shown in Fig. 2 wherein

the cell and the bead are initially in physical contact prior to

formation of the protrusion. This stage is shown by dashed lines on

the figure, and is followed by a subsequent stage where a

protrusion of length xpt is formed by pulling the cell away from the

bead by moving the PZT stage over a distance xPZT. This stage is

shown by solid lines where the bead is displaced by xbead from the

trapping center.

Physical model
The instantaneous force-length plots (F-xpt) were obtained from

optical tweezers experiments under constant retraction velocity.

We examined three standard viscoelastic models: Voigt, Maxwell,

and Standard Linear Solid (SLS) (Kelvin) model to fit the

measured force profiles of the cell protrusions [23–25]. The SLS

model was able to fit both the protrusion force-length (F-xpt), and

force relaxation profiles under constant protrusion length in our

experiments. The SLS model consists of a Maxwell body in

parallel with a spring of stiffness k1, where the Maxwell body itself

includes a spring with stiffness k0 connected in series with a

dashpot having viscous coefficient of g0 (Fig. 3A). The governing

equation of the SLS model applied to the cell protrusion is [24,25]:

_ff (t)z
k0

g0

f (t)~
k0k1

g0

xpt(t)zk0(1z
k1

k0
)
dxpt(t)

dt
ð2Þ

where f(t) and xpt(t) are the instantaneous protrusion force, and

protrusion length, respectively. The rate of change in protrusion

length (V = dxpt/dt) was measured as the slope of the xpt-time plots.

With t = xpt/V and f(xpt = 0) = F0, Eq. 2 can be converted to Eq. 3

as:

Figure 2. Schematic of bead-cell contact system. Dashed lines
show initial cell-bead contact where there is no external force applied
on the bead. Solid lines show the bead-cell system once the cell is
moved away from the trapped bead by distance xpzt. Bead is displaced
from the trapping center by xbead and the length of the protrusion is xpt.
doi:10.1371/journal.pone.0057147.g002
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f (xpt)~g0Vzk1xptz(F0{g0V )exp({
k0

goV
xpt) ð3Þ

We present illustrative force-length profiles for an intact F-actin

and an F-actin disrupted cell fitted with the SLS model (Fig. 3B).

Force values increase with protrusion length, and reach a

maximum value (Fmax) where the plasma membrane becomes

separated from the underlying cytoskeleton indicated by a sudden

drop in the force value (Fig. S2). We refer to the protrusion length

associated with this maximum force value as maximum protrusion

length (lpt-max). We fit Eq. 3 to the measured force-length profiles

to extract the values of g0, k0, and k1 associated with the SLS

model. We excluded from our analyses the cases where there was a

rupture event during the protrusion formation experiments as

evidenced by an abrupt force drop in the force-length profiles.

Protocol for reverse pull experiments
The cell was moved away from the trapped bead at 1 mm/s for

3 mm (pull process) and immediately returned at the same velocity

to the starting point (push process) under this protocol. A force-

time plot of an example reverse pull experiment is shown in Fig. 4,

representing two different segments: 1- pull (AB segment) where

the cell is moved away by 3 mm at 1 mm/sec, and 2- push (BC

segment) where the cell is moved back by 3 mm at 1 mm/sec. At

the end of the push process at state C, force value is slightly smaller

than that of before pull process at state A. This slight reduction in

force value indicates that the bead passed its original position

towards the negative direction. The cell restores its shape as the

protrusion disappears within several seconds, and the force level

reaches state D where the value of the force was nearly the same as

that at the beginning of the pull process at state A. The force-time

profiles of the reverse pulling experiments were converted to force-

length profiles based on the method described earlier in the

Materials and Methods in Eq. 1. Under this protocol, we

quantified the percent of energy loss (Wloss) in terms of (Wpull-

Wpush)/Wpull, where Wpull and Wpush are energies associated with

pulling and pushing the protrusions determined as the areas under

the force-length curves. The cases where membrane-cytoskeleton

separation occurred during the pulling process were not consid-

ered in our analysis of the reverse pull protocols.

Statistical analysis
We used a standard two-sample student’s t-test with unknown

variances of two data sets in our statistical analysis. Statistical

significance was accepted if the P-value was ,0.05.

Results

Maximum protrusion force (Fmax)
The maximum protrusion force (Fmax) is the force at which the

plasma membrane separates from the cytoskeleton. The values of

Fmax for cells with intact and disrupted F-actin as a function of

membrane cholesterol content are shown in Fig. 5. Cholesterol

depletion resulted in a statistically significant increase in the values

of Fmax, whereas cholesterol enrichment decreased it. Specifically,

mean6standard deviation (s.d.) values of Fmax for control HEK

cells (cells with intact F-actin network and normal cholesterol

content) was 130628 pN (n = 16), and significantly increased to

218632 pN (n = 7) when cell were incubated in DMEM

containing 5 mM MbCD for cholesterol depletion. In response

to incubation of the cells in DMEM containing 5 mM cholesterol-

MbCD for cholesterol enrichment, the mean6s.d. values of Fmax

significantly decreased to 96.72629 (n = 13) (P,0.05).

Disruption of F-actin by treatment of the cells with Latrunculin-

A resulted in a statistically significant reduction in Fmax values

from 130640 to 72.44625 pN in control cells whose cholesterol

contents were not manipulated. Values of Fmax also decreased in

cholesterol manipulated cells upon F-actin disruption; specifically

from 218645 to 90626 pN (P,0.05) in cholesterol depleted cells,

Figure 3. Cell protrusions as a viscoelastic structure. (A)
Standard linear solid (SLS) model of the protrusion. The model includes
a Maxwell arm (viscous coefficient of g0 in series with spring with
stiffness k0) in parallel with a spring with stiffness k1. (B) Two illustrative
force-length profiles of protrusion elongation fitted with the SLS model
(blue solid lines). The red circles show data for a cell with intact F-actin
and normal membrane cholesterol content. Data in black circles are
from cells with disrupted F-actin using Latrunculin-A, but with and
normal membrane cholesterol level.
doi:10.1371/journal.pone.0057147.g003

Figure 4. Reverse pull experiment. An example force-time plot
involving subsequent ‘‘pull’’ and ‘‘push’’ processes. The ,1 second time
interval between zero second and point A indicates bead-cell contact
prior to the push-pull experiments beginning at A.
doi:10.1371/journal.pone.0057147.g004
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and from 96.72629 to 55628 pN (P,0.05) in cholesterol

enriched cells. Comparing the forces among the cells with

disrupted F-actin, we found no statistically significant difference

between control and cholesterol enriched cells, nor between

control and cholesterol depleted cells.

Maximum protrusion length (lpt-max)
The maximum protrusion length (lpt-max) is the length associated

with Fmax at which the plasma membrane becomes separated from

the underlying cytoskeleton. For control cells, this length was

1.8160.38 mm. It decreased upon cholesterol depletion to

1.160.37 mm, and increased to 2.560.37 mm in response to

cholesterol enrichment (Fig. 6). Disruption of F-actin increased the

lpt-max to 2.6860.36 mm in cells with normal cholesterol content,

and to 2.4560.36 in cholesterol depleted cells. The value of lpt-max

in cholesterol enriched cells after disruption of F-actin was

2.7560.34 mm.

Stiffness and coefficient of viscosity
The stiffness parameters (k0, and k1) and coefficient of viscosity

(g0) were obtained from the SLS model applied to protrusion

force-length plots. The mean6s.d. value of k0 for control HEK

cells was estimated as <3496121 pN/mm (Fig. 7A). There was a

statistically significant increase in k0 to <6076130 pN/mm for

cholesterol-depleted cells, and a decrease to <135692 pN/mm for

cells under cholesterol enrichment condition. Disruption of F-actin

resulted in significant decrease in the values of the stiffness for

normal and cholesterol depleted cells to <133691 and

206667 pN/mm, respectively (P,0.05). The stiffness of the

cholesterol enriched cells was not significantly changed upon F-

actin disruption (<88652 pN/mm).

The mean6s.d. value of k1 for control cells was <32615 pN/

mm. It significantly increased to <59615 pN/mm in response to

cholesterol depletion, and decreased significantly to <19613 pN/

mm for cells under cholesterol enrichment condition (Fig. 7B).

Disruption of F-actin was associated with significantly decreased

values of k1 in control cells to <1469 pN/mm and to

<27612 pN/mm in cholesterol depleted cells. The values of k1

for cholesterol enriched cells after F-actin disruption was

<1268 pN/mm.

The values of viscosity coefficient (g0) were <132636 and

71630 pN.s/mm for control and cholesterol-enriched cells,

respectively (Fig. 8), and did not change significantly in

cholesterol-depleted cells with respect to control cells. In compar-

ison to cells with intact F-actin, disruption of F-actin significantly

decreased g0 to 62621, 31624, and 74623 pN.s/mm in cells with

normal cholesterol level, cholesterol-enriched, and cholesterol-

depleted cells, respectively.

Discussion

Plasma membrane cholesterol level modulates cellular
protrusions

Cholesterol depletion increased the values of Fmax and stiffness

values of k0, k1 associated with protrusions, and resulted in shorter

protrusions, whereas cholesterol enrichment decreased the value of

Fmax, k0, k1 and resulted in longer protrusions. Effects of

cholesterol on protrusion stiffness at different times during the

protrusion formation process can be analyzed through two stiffness

parameters associated with the SLS model. In principle, based on

the SLS model, the early stage of the protrusion formation is

controlled by k0+k1 as the instantaneous stiffness modulus, while

towards the end of the protrusion formation process, the

parameter k1 becomes dominant as the long-term stiffness

modulus. Based on our results, the stiffness parameter k0 is

significantly greater than k1 under all conditions examined;

therefore, the instantaneous stiffness modulus (k0+k1) at the early

stage of protrusion formation is dominated by k0 (Figs. S3–S5 and

Text S3 in Supporting Information for parametric analysis).

We recently probed the mechanical properties of HEK cell

plasma membranes by pulling membrane tethers under mem-

brane cholesterol levels identical to the ones examined in this study

for protrusions [13]. In tether pulling experiments, membrane

stiffness and viscosity in cells with intact F-actin and normal

cholesterol content (control cells) were estimated as <2 pN/mm

and 2.661 pN.s/mm, respectively. In this study, the mean6s.d

values of protrusion viscosity (g0) for control (without cholesterol

manipulation) cells with intact F-actin are <132636 pN.s/mm,

and the values of protrusion stiffness k0 and k1 are <3496121 and

<32615 pN/mm, respectively. Given that the values of stiffness

and viscosity of cellular protrusions are significantly greater than

those for membrane tethers, the plasma membrane effects are

Figure 5. Effect of membrane cholesterol content and cyto-
skeletal F-actin on maximum protrusion force. Maximum
protrusion force (Fmax) is defined as the force that results in separation
of membrane from cytoskeleton.
doi:10.1371/journal.pone.0057147.g005

Figure 6. Effect of membrane cholesterol content and cyto-
skeletal F-actin on maximum protrusion length. Maximum length
of protrusion (lpt-max) is defined the length at which the membrane
becomes separated from the cytoskeleton.
doi:10.1371/journal.pone.0057147.g006
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relatively minor in protrusions. The minor effects of membrane

mechanical properties will be more evident by comparing them

with those associated with protrusions formed from F-actin

disrupted cells. Membrane tether viscosity and stiffness still

remained noticeably lower than the values of g0 (62621 pN.s/

mm), k0 (133691 pN/mm), and k1 (1469 pN/mm) in protrusions

from F-actin disrupted cells without cholesterol manipulation.

Additionally, disruption of F-actin did not result in a significant

change in the viscous coefficient of the tethers for the same levels

of membrane cholesterol content [13]. However, F-actin disrup-

tion significantly reduced the viscous coefficient of the protrusions.

The stiffness and viscosity values of membrane tethers and surface

protrusions are summarized in Table 1 for cells with intact and

disrupted F-actin under different membrane cholesterol levels.

Given the relatively major contribution of cytoskeleton, the

observed variations in the values of Fmax, k0, and k1 in cholesterol-

manipulated cells reflect the corresponding effects of cholesterol on

plasma membrane-cytoskeleton connections and the underlying

cytoskeleton within the protrusions. The respective tether stiffness

values of 3.2460.1 and 0.2860.01 pN/mm from cholesterol

depleted and cholesterol enriched cells, are orders of magnitude

smaller that the corresponding k0 protrusion stiffness values of

6076130 pN/mm and135692 pN/mm (Table 1), indicating the

relatively major effects of the cytoskeleton at the early stage of

protrusion formation. Comparing the values of tether stiffness with

the k1 values of 59615 pN/mm for cholesterol depleted and

19613 pN/mm for cholesterol enriched cells, the effects of

cytoskeleton continue to remain major at the end stage of

protrusion formation process as well.

By forming plasma membrane tethers in a recent study [13], we

quantified the plasma membrane-cytoskeleton adhesion energy

per unit area in cells with intact and disrupted F-actin under

various cholesterol levels identical to those in this study. For

example, in comparison to control cells with normal cholesterol

content, we found that the membrane-cytoskeleton adhesion

energy in cholesterol depleted cells increased by nearly four-fold.

Interestingly, when the cytoskeletal F-actin was disrupted with

Latrunculin-A following cholesterol manipulation, nearly the same

value of in-plane tension (<5610218 J/mm2) within the mem-

brane was obtained regardless of the plasma membrane choles-

terol level. This observation indicates that changes in the plasma

membrane-cytoskeleton adhesion energy were in response to

cholesterol treatments, and not due to the bead-membrane

adhesion.

Taken together, our observations indicate the effects of

cholesterol at both the early and late stages of protrusion

formation within the cholesterol concentration range examined.

These observations are in accordance with the previous observa-

tions in cholesterol-depleted bovine aortic endothelial cells where

greater negative pressures were required to locally deform and

aspirate part of the cells in micropipette aspiration measurements

[26,27]. Those investigators suggested that the stiffening induced

by cholesterol depletion could be either due to effects on the

submembrane cytoskeleton F-actin, or actin-membrane connec-

Figure 7. Protrusion stiffness. Effect of membrane cholesterol content on: (A) stiffness parameter k0, and (B) stiffness parameter k1 for cells with
intact or disrupted F-actin.
doi:10.1371/journal.pone.0057147.g007

Figure 8. Protrusion viscosity. Effect of membrane cholesterol
content on the viscosity coefficient of the protrusion for cells with intact
or disrupted F-actin. Asterisk (*) indicates a statistically significant
difference with control; ** indicates a statistically significant difference
between the two indicated data sets; and + indicates a statistically
significant difference between intact F-actin and F-actin disrupted cells
at the same cholesterol concentration.
doi:10.1371/journal.pone.0057147.g008
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tions. In another study, neutrophils with elevated membrane

cholesterol content exhibited increased whole cell deformability,

suggesting the effects of cholesterol enrichment on submembrane

structures [28]. It is worth noting that the lower values of k1

compared to k0 could be attributed to the shape change processes

underlying protrusion formation and elongation. The k0 stiffness,

which is dominant at the early stage of protrusion formation, and

has a higher value than k1, corresponds to a conical-shape

protrusion. At the late stage of protrusion elongation with

subsequent initiation of tubular (tether) formation, the k1 stiffness

whose value is smaller than k0 and closer to the tether stiffness,

becomes dominant.

The effects of cholesterol on non-biological membranes show

dependency on the number of saturated hydrocarbon chains in the

lipids [29–31]. Specifically, membrane bending modulus increases

with added cholesterol in lipids with two saturated chains such as

1,2-dimyristoyl-snglycero-3-phosphocholine lipids [32]. However,

when both chains are monounsaturated as in 1,2-dioleoyl-sn-

glycero-3-phosphocholine and 1,2-dierucoyl-sn-glycerol-3-phos-

phocholine lipids, the bending modulus remain unchanged for

cholesterol mole fractions up to 0.4 [32]. In giant bilayer vesicles,

the bilayer cohesion increases with added cholesterol only for

lipids in which both chains are saturated or monosaturated.

Specifically, the area expansion modulus of stearoyl-oleoyl

phosphatidylcholine type of lipids is reported to increase by six

times with addition of cholesterol up to 58 mol% [33]. Lipid

vesicles lack the cytoskeletal effects which are present in living cells.

Therefore, effects of cholesterol manipulations on cytoskeletal

structures and plasma membrane-cytoskeleton adhesion would be

absent in experiments performed on vesicles. The actin network in

cytoskeleton also controls the spatial and temporal organization of

the membrane domains. Actin polymerization can induce and

actively organize the formation of membrane domains through

cytoskeleton-liked lipid-protein interaction, while the disassembly

of actin network can abolish the organization of the membrane

[34].

While according to our results, the mechanical properties of the

protrusions are dominated by the cytoskeleton, membrane

properties are important in protrusion formation processes.

Depletion of human colon adenocarcinoma cells with cholesterol

by MbCD inhibited the initiation of microtubule-based protrusion

formations dose-dependently in cells treated with clostridium

difficile toxin [11]. The authors of that study suggested that

inhibition of protrusion initiation is likely attributed to changes in

biophysical properties of the membrane upon cholesterol depletion

rather than changes in microtubule dynamics. The higher stiffness

values of the membrane under cholesterol depletion [13] can be a

potential contributor to this observation. In another study, high

membrane cholesterol concentrations reduced shear response of

the polymorphonuclear leukocytes with attenuating effects on

pseudopodia formation, suggesting a correlation between plasma

membrane fluidity and cell mechanotransduction [12].

The effects of cytoskeleton on protrusions can be investigated by

disruption of the F-actin network. Latrunculin-A binds to

monomeric G-actin to inhibit F-actin assembly without impacting

cell viability or interfering with microtubules and intermediate

filaments [17,18,35,36]. Therefore, the observed changes in the

values of Fmax, lpt-max, k0, k1, and g0 in Latrunculin-A treated cells

reflect the effects of F-actin on protrusions. Cholesterol enrich-

ment/depletion resulted in opposing effects, while disruption of F-

actin diminished the disparity between the cholesterol-manipulat-

ed cells and the cells with normal cholesterol content. These

observations are interpretable in terms of the effects of cholesterol

on actin-membrane connections, and cytoskeleton components
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within the protrusions, which are decreased in the absence of F-

actin network.

Viscoelastic behavior of cellular protrusions
The force-length plots associated with protrusions hand non-

linear profiles (Fig. 3). This observation is attributed to breakage of

the bonds between plasma membrane and cytoskeleton with

subsequent flow of membrane lipids into the protrusion, and

additional viscous effects due to the slip between the plasma

membrane and cytoplasm during protrusion formation [37–40].

The presence of viscous effects and bond breakage manifest

themselves as hysteresis in our reverse pull experiments.

The Wloss in control cells is 6766%, close to the value of

53615% reported for human neutrophils [41] (Fig. 9A). Our

analysis indicate the cytoskeleton dependency of energy loss in

protrusion formations, as evidenced by the contraction of the

hysteresis loop (Fig. 9B), and the significant decrease of Wloss to

4764% in control cells after disruption of F-actin. The more

energy efficient protrusion formation in Latranculin-A treated cells

may be the result of fewer cytoskeleton-membrane connections

coupled with the observed decrease in protrusion viscosity.

The SLS model fits the force-length plots in cells with intact F-

actin and F-actin disrupted cells (Fig. 3), indicating the viscoelastic

behavior of the protrusions. To further investigate the viscoelas-

ticity of the protrusions, we investigated their force relaxation. To

this end, in a reverse-pull experiment, protrusion pulling was

stopped at the end of the pulling process, resulting in immediate

relaxation of protrusion force in a cell with intact F-actin (Fig. 9C).

The force relaxation continued until reaching an equilibrium

value prior to the push-back process. The presence of both force

relaxation and hysteresis effects in these protrusions indicates the

viscoelastic behavior of the protrusions [41]. The force relaxation

plot was fitted with the SLS model (Fig. 9C inset).

The observed decreased values of protrusion viscosity upon F-

actin disruption are consistent with the previous observations

showing the dose-dependent decreasing effects of F-actin disrup-

tion on cytoplasmic viscosity [42,43]. The less viscous and more

fluid behavior of the cytoplasm in F-actin disrupted cells can be

attributed to the reduced opposing effects of cytoskeleton

microfilaments on cytoplasm movement. Therefore, the formation

of longer protrusions prior to membrane-cytoskeleton separation

in F-actin disrupted cells and cholesterol enriched cells could be

due to their faster growth during protrusion formation as a result

of their lower values of viscosity. This observation is consistent

with the SLS model predictions (Fig. S3 and Text S3) where

protrusions with lower values of viscosity coefficient are associated

with higher lengths under the same pulling force. Similarly,

protrusions with lower stiffness values of k0, and k1, as in the cases

of F-actin disrupted cells and cholesterol enriched cells, are

associated with longer protrusions under the same force (Figs. S4,

S5 and Text S3). Greater protrusion stiffness values either at the

early stage of protrusion formation (dominated by k0) or towards

the end of the protrusion elongation (dominated by k1), such as

those induced by cholesterol depletion, are predicted to result in

shorter protrusions by the SLS model. Previous experiments

performed on microvascular endothelial cells [44] and terminally

differential fibroblasts [45] resulted in formation of longer tethers

in response to disruption of F-actin; specifically, length of tethers

Figure 9. Energy loss associated with protrusion hysteresis. (A)
Effect of membrane cholesterol content on the percent of energy loss
associated with protrusion hysteresis for intact and disrupted F-actin cells.
(B) Force-length plots indicating hysteresis in cells with intact and
disrupted F-actin. lpar;C) Protrusion force during protrusion elongation to
3 mm (time interval D–E) followed by force relaxation after the protrusion
reaches 3 mm, and maintained at that length (time interval E–F). The
interval F–G displays the force as the protrusion is unloaded (pushed back).
The inset shows the SLS-fit to the force relaxation during the time interval
between the end of the pulling time and beginning of the pushing time
(E–F). The general solution for the protrusion force relaxation under

constant length is: f (t)~k1xptz(F0{k1xpt)exp({
k0

go

t), where xpt is the

constant length of the protrusion (3 mm), and F0 is the force at the

beginning of relaxation. The ,7 seconds time interval between zero
second and point D indicates bead-cell contact prior to the push-pull
experiments beginning at D.
doi:10.1371/journal.pone.0057147.g009
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pulled from fibroblasts increased four-fold as a result of F-actin

disruption [45].

The force-length plots associated with neutrophil surface

protrusions have been modeled as a Voigt element in series with

a linear spring [34,39]. The SLS model used in this study describes

membrane-cytoskeleton behavior in HEK cells during protrusion

formation and force relaxation under constant length, with a

viscous coefficient and two stiffness parameters. Each stiffness

parameter is dominant at the early or end stage of protrusion

formation. The SLS model can be extended to interpret some

other biological processes. For example, a generalized form of the

SLS model, wherein a Maxwell body was placed in parallel to the

SLS system, has been used to interpret the fast and slow dynamic

responses involved in biphasic force relaxation in plasma

membrane tethers pulled from outer hair cells, sensory cells within

the cochlea in auditory system [46]. We recognize that other

mechanical models may be appropriate to capture microrheolo-

gical behavior involved in cellular deformations over extended

time scales and frequency ranges of deformation [47–50].

Taken together, plasma membrane and cytoskeleton mutually

contribute to the viscoelastic behavior of the cellular protrusions.

Effects of plasma membrane mechanical properties are relatively

minor in comparison with cytoskeleton effects; however, surpris-

ingly modulation of membrane composition resulted in significant

changes in protrusion mechanics. Membrane cholesterol depletion

and enrichment showed opposing effects on various mechanical

properties of protrusion while disruption of F-actin diminished the

observed disparities. These observations suggest a correlation

between membrane and protrusion mechanical properties through

modifications in plasma membrane-cytoskeleton connections and

underlying cytoskeleton properties in response to changes in

membrane mechanical properties. The results of this study provide

insight into understanding the membrane-induced modulations of

cellular protrusions and mechanotrasduction.

Supporting Information

Figure S1 Sequence of images showing the formation of
a cellular protrusion. An adherent cell was brought in contact

with an optically trapped bead. After initial contact was

established between the cell and the bead, the cell was moved

away using a piezoelectric stage, resulting in formation of a local

deformation (protrusion) at the cell surface (images 1–10). A

transition from cellular protrusion to a tether formation occurs

(image 11) in response to further elongation of the protrusion

resulting in formation of a tether (images 12–15). The images were

taken by optical microscopy under white-light illumination regime

with a 100X objective lens (NA = 1.49). The time interval for this

sequence of images was <6 seconds (<400 ms between images).

Scale bars = 5 mm. Data for this study were obtained prior to

tether formation (images 1–10). This sequence of images was

obtained from one membrane pulling experiment (see Text S1).

(TIF)

Figure S2 Force trajectory associated with application
of a tensile force over cell surface. The pulling process starts

with a rise in the force (AB) till reaching a first peak at B, followed

by a drop in the force value from B to C. The force value reaches a

second peak (D) at the end of pulling process. The force relaxation

process starts once the pulling is halted. Pulling velocity is 1 mm/

sec, and pulling length is 20 mm over the time interval A–D. This

tether force profile is representative, and resembles other such

profiles as reported in our previous publications (see Text S2).

(TIF)

Figure S3 Effects of changes in g0 on protrusion force-
length plots based on SLS model. Values of parameters k0

and k1 are kept constant at 350 pN/mm and 30 pN/mm,

respectively, while g0 (pN.s/mm) changes as shown. The SLS

model predicts formation of longer protrusion associated with

lower values of viscosity in response to a given force value. Effects

of the viscous parameter become more pronounced at the later

stages of protrusion formation.

(TIF)

Figure S4 Effects of changes in k0 on protrusion force-
length plots based on SLS model. Values of parameters k1

and g0 are kept constant at 30 pN/mm and 100 pN.s/mm,

respectively, while k0 (pN) changes as shown. The profiles indicate

the effects of the k0 stiffness at the early stage of the protrusion

formation, and formation of shorter protrusion under a given force

value in response to higher values of k0 stiffness.

(TIF)

Figure S5 Effects of changes in k1 on protrusion force-
length plots based on SLS model. Values of parameters k0

and g0 are kept constant at 350 pN/mm and 100 pN.s/mm,

respectively while k1 (pN) changes as shown. The k1 stiffness affects

the late stage of the protrusion formation. Higher values of k1 are

associated with formation of shorter protrusions under a given

force value.

(TIF)

Text S1 Imaging the cell protrusion formation.

(DOC)

Text S2 Illustrative dynamic force profile.

(DOC)

Text S3 Parametric analysis.

(DOC)
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