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ABSTRACT Mechanics is at the heart of many cellular processes and its importance has received considerable attention dur-
ing the last two decades. In particular, the tension of cell membranes, and more specifically of the cell cortex, is a key parameter
that determines the mechanical behavior of the cell periphery. However, the measurement of tension remains challenging due to
its dynamic nature. Here we show that a noninvasive interferometric technique can reveal time-resolved effective tension mea-
surements by a high-accuracy determination of edge fluctuations in expanding cell blebs of filamin-deficient melanoma cells.
The introduced technique shows that the bleb tension is ~10-100 pN/um and increases during bleb growth. Our results directly
confirm that the subsequent stop of bleb growth is induced by an increase of measured tension, possibly mediated by the re-

polymerized actin cytoskeleton.

INTRODUCTION

Cellular membrane blebbing is a well-known and highly dy-
namic phenomenon that occurs throughout the lifecycle of
many cell types. Cell blebs have been described in the
context of apoptosis (1), cell division (2), cell spreading
(3), and notably in cell motility (4). The time course of a
bleb (its growth and retraction) has been carefully character-
ized (5-8), but a dynamic and time-resolved measurement
of the tension is still missing. Blebs are driven by hydro-
static pressure generated by cortical tension, which is main-
tained by the contractile acto-myosin cortex that is
physically linked to the membrane. The actin cortex is
composed of a dense actin network that is connected to
the plasma membrane and gives mechanical rigidity to the
cell periphery. This connection limits the mobility of the
membrane and prevents the formation of blebs in most
cell types, despite the presence of hydrostatic pressure.
However, if the actin cortex ruptures, or if the cortex to
membrane connection is lost, the pressure pushes the mem-
brane outwards, and a cell bleb grows.

Experimental techniques such as micropipette aspiration
or the fluctuation analysis used here measure the effective
tension. In the general case, the effective tension consists
of both a contribution from the membrane and the actin cor-
tex. Because the two structures are mechanically coupled,
the fluctuations of the cell edge contain contributions from
both. In principle, the membrane and the cortex have
different tension, but it remains difficult to experimentally
dissect the contribution from each component. Under
steady-state conditions, the hydrostatic pressure that pushes
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against the plasma membrane is balanced by the mechanical
rigidity of the actin cortex to which the membrane is con-
nected. However, if this balance is broken by a local fracture
of the actin cortex or by a local detachment of the actin cor-
tex from the plasma membrane, hydrostatic pressure pushes
the membrane outward to form a fast-expanding membrane
bleb. Until a new actin cortex repolymerizes in the growing
bleb, no mechanical support structure hinders its expansion,
and the growth is determined by the pressure driving it and
the friction forces of both the flowing fluid and membrane
that enter the expanding bleb (9,10).

Techniques like micropipette aspiration made it possible
to measure the tension of the cell cortex and to relate this
tension to the growth velocity and final size of cell blebs
(8). These experiments confirm that the mechanical origin
of the hydrostatic pressure that drives bleb extension is the
active contractility of the cellular acto-myosin cortex. Ten-
sion within the bleb is an important mechanical parameter
for bleb dynamics. For a better characterization of the me-
chanical events during bleb growth, direct access to the
bleb tension is required.

It is also important to have access to both the membrane
tension and the cortex tension, which are not necessarily
equal. Although in previous work it was possible to derive
an estimation of the bleb tension and directly measure the
cortex tension away from the bleb position (7.8), direct
and time-resolved measurements at the site of blebbing is
required to understand the mechanics of bleb formation.
Such measurements are experimentally challenging using
the micropipette aspiration method, because the structure
is highly dynamic. Hence, we introduce what we believe
to be a new method, one that provides direct insight into
the effective tension during bleb growth.
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Tension Measurement in Cell Blebs

In addition to the micropipette aspiration technique, mem-
brane tethers have been successfully used to determine the
membrane tension in blebs (11). In these measurements it
became clear that the measured membrane tension in blebs
is lower than tension at sites of no bleb appearance. Although
this finding seems to challenge the prediction of higher tension
in growth-arrested blebs, it is important to note that the pure
membrane tension differs from the effective tension of the
combined membrane and actin cortex system. Technically,
the micropipette aspiration also includes the cortex thatis aspi-
rated together with the membrane, whereas in tether-forming
experiments, only membrane is pulled. Tether measurements
include both membrane tension and membrane to cortex adhe-
sion energy. The tether formation technique is therefore well
suited to determine the membrane tension and other parame-
ters such as contributions from the cytoskeletal adhesion en-
ergy. However, it does not probe the mechanics of the
underlying actin cortex. In this view, these first investigations
of blebs did indeed suggest a decrease of adhesion energy in
the bleb membrane if compared to the nonblebbing cell cortex.

The method we introduce in this article uses membrane
fluctuations to estimate the evolution of tension in blebs by
measuring before, during, and after repolymerization of the
actin cortex. Measurements are performed in filamin-
depleted M2 melanoma cells, a common model system for
membrane blebs because they continuously produce blebs
all over their surface (12) and have been well studied previ-
ously (5,7). To determine the tension during bleb growth
and growth arrest, we measure the membrane movement by
a laser-based interferometric method capable of determining
the membrane position with subnanometer precision and at
submillisecond time resolution (13,14). This allows observa-
tion of the thermal fluctuations of the membrane during bleb
growth. Separation of timescales is used to differentiate be-
tween the high frequency fluctuations that are considered in
equilibrium and the low-frequency, active movement.

In this work, we focus on the growth phase, and show that
a separation of timescales allows determination of the fluc-
tuation amplitude even during the rapid extension phase of
the cell bleb. A simplified equilibrium model for thermal
fluctuations at short timescales allows extraction of an effec-
tive tension from the data that increases systematically dur-
ing bleb growth. Although the blebbing phenotype of the
M2 cells suggests strong mechanical differences to other,
nonblebbing cells, it is interesting to see that the measured
tension in the bleb membrane is only slightly smaller than
previously determined values for the cell cortex in nonbleb-
bing cells, such as L.929 fibroblasts (8).

MATERIALS AND METHODS
Cell culture and Cytochalasin D application

Filamin A-deficient M2 cells (15) are cultured in DMEM (1 x) + Gluta-
MAX medium (Gibco, Life Technologies, Carlsbad, CA) supplemented
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with 10% fetal bovine serum (FBS Gold; PAA, GE Healthcare, Pasching,
Austria) under standard conditions (37°, 5% CO,, maximal humidity)
and passaged every 3—4 days at 80-90% confluence. For passaging, cells
are washed with phosphate-buffered saline and trypsinized (TrypLE
Express (1 x) + Phenol red; Gibco, Life Technologies, Grand Island,
NY) at 37° for 10 min. Trypsin is inactivated by FBS-containing media
and the cell solution is centrifuged for 3 min at 1000 relative centrifugal
force for subsequent medium exchange, resuspension, and seeding in new
flasks. Cells are counted using an automated cell counter (Countess; Invitro-
gen, Carlsbad, CA). Twenty-four hours before measurements, 40,000 cells
are seeded on 18 x 18 mm? coverslips. Immediately before imaging, cov-
erslips are placed on a glass slide, sealed, and the measurements are per-
formed for up to 1 h.

Cytochalasin D (CD) (Sigma Aldrich, St. Louis, MO) was applied at
2.5 uM 30 min before starting the experiment.

Experimental setup and data acquisition

The membrane position was detected with a recently developed interfero-
metric detection method using an NIR laser (YLM, 1064 nm; IPG Photonics,
Oxford, MA) with a low average laser power of 40 uW per laser focus at the
sample, to avoid optical trapping effects (14). The position of the laser beam
in the sample plane is controlled using an xy acousto-optical deflector (AOD)
device (MT80-A1,5-1064 nm; AA Opto Electronic, Orsay, France), that al-
lows a fast repositioning of the laser focus with a switching time of 10 us. As
sketched in Fig. 1 A, the beam first passes the AOD, and is subsequently
imaged into the back focal plane of a 60x NA = 1.2 water immersion objec-
tive (UPLSAPO 60x W/IR; Olympus, Rungis, France) using a 1:2 telescope
and a dichroic mirror. After interaction with the sample, the scattered and un-
scattered light is collected by a long-distance water immersion objective (U
LUMPL FL 60xW/IR, 60x, NA 0.9; Olympus) that also serves as
condenser. Subsequently, the light is imaged onto a quadrant photodiode
(QPD) using a 2:1 telescope. The signal from the QPD (InGaAs QPD
G6849; Hamamatsu Photonics, Massy, France) is preprocessed by an analog
circuit that delivers the asymmetry of the light in the x and y directions and the
total sum of the signal (Offner MSR-Technik, Plankstadt, Germany). Briefly,
the asymmetry is calculated by Ax = ((Q2 + Q4) — (01 + Q3))/sum,
Ay = ((Q1 4+ 02) — (Q3 + 04))/sum, and sum = Q1 + Q2 + 03 + Q4.
Here Q; corresponds to the light intensity that is measured at the four
different photodiodes of the detector. These signals are digitized at
500 kHz using multichannel DAQ cards (NI-DAQ 6363 PCle; National In-
struments, Austin, Texas) and further processed using the softwares
LABVIEW (National Instruments) and MATLAB (The MathWorks,
Natick, MA). The detection method works reliably if the bleb edge is in
the focal volume of the laser, which has a diameter of =500 nm. How-
ever, due to the rapid growth, the bleb may leave this area quickly (time-
scale, 1 s). To ensure recording of the bleb during movement, we rapidly
scan the laser over 50 positions normal to the bleb edge with a step size of
100 nm between each scan point. Every 500 us, a full scan is completed,
leading to an effective acquisition frequency of 2 kHz. Data acquisition
and trap position are synchronized by using a common 500 kHz TTL
trigger generated by the acquisition card. Careful calibration was per-
formed to assure synchronization of laser positioning and data acquisition.
The resulting Ax, Ay, and sum signals are recorded as a function of the
laser position for later analysis.

Experimental protocol and edge detection

For experiments, M2 cells are plated on uncoated coverslips one day before
observation. Cells are sealed in a chamber formed between two coverslips.
An average distance of =500 um between the coverslips ensures that cells
are not compressed between the glass faces. After mounting the sample on
the microscope, an isolated cell is observed in video microscopy. The tem-
perature during the experiment is typically between 29° and 31°, and
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FIGURE 1 Experimental procedure: (A) sketch of the setup, where the

laser position is controlled by an acousto-optical deflector (AOD) and
imaged in the back focal plane of the objective 1 (Objl) via a telescope
formed by the lenses L1 (f = 15 cm) and L2 (f = 30 cm) and the dichroic
mirror (DM). After interaction with the bleb (see inset) the light is collected
by the objective 2 (Obj2) and the back focal plane of Obj2 is imaged to the
QPD via L3 (f =9 cm) and L4 (f = 4.5 cm). (B) Example of the experi-
mental procedure, where a bleb is identified and the position and direction
of the scan line is controlled by the experimenter via a custom-programmed
user interface (LABVIEW; National Instruments, Austin, TX). Scale bar,
5 pum. (C) Example of three scan results at different time-points. The
edge position is defined by the first scan and used in the following sequence
to determine the edge movement. (D) Measured time evolution of the bleb
membrane during bleb growth and arrest.
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represents the room temperature during the experiments. This is the
maximal temperature tolerated by the electronics and the laser in the
room, and it presents a technical limitation of the setup used. Heating cham-
bers are incompatible with the laser and the QPD detection system used.

Once a growing bleb is identified by observation of the cell edge, 50 traps
with a distance of 100 nm between each trap are positioned in a trap array
normal to the bleb surface and in parallel to the bleb growth direction (see
Fig. | B, red line). The trap power is adjusted to 40 uW per trap so that the
actual pulling force can be neglected (16). The total laser power delivered to
the sample is 50 x 40 uW = 2 mW, which is still low compared to typical
situations of optical tweezers. The heating due to this laser power can be
estimated to be ~20 mK, which can be neglected (17). The resulting signal
on the QPD is recorded and analyzed to detect the relative membrane posi-
tion of the cell edge with a time resolution of 500 us. The construction of
the laser beams typically takes several seconds, which has the effect that,
with this protocol, we can only record the final phase of bleb growth.
When the bleb size has reached its maximum, data acquisition is stopped
and the protocol starts again on a new bleb.

To extract the edge position, the minimum of the scan curve as shown in
Fig. 1 C was determined and the QPD signal that corresponds to the edge
was defined to be the QPD signal at the position 500 nm to the right of
the minimum (blue dotted line in Fig. 1 C). The width of the scan reflects
the size of the laser focus and can be described by a convolution between
the point-spread function of the laser focus and the spatial change of refrac-
tive index at the cell interface (18). Changes in the width may result from
slight defocusing due to drift or changes in the surface morphology of the
bleb. The position of the edge was defined to be 500 nm to the right of the
minimum to obtain the maximum sensitivity of the method, inasmuch as
this corresponds approximately to the size of the laser focus. Using the
scan points that are in the region of highest slope increases sensitivity.

Please note that the trap position of 0 um always refers to the position
determined by the experimenter when initiating the laser array, and is high-
ly variable between different experiments. To follow the edge over time, we
analyze the time evolution of the scans. In each scan we use the three closest
points to the predefined QPD value that represents the edge. Due to the size
of the linear regime of =400 nm, and the distance of 100 nm between scan
points, we can use multiple points to detect the edge position by fitting a
line through these points. The relative edge position is then defined by
the intersection of the fitted curve with the previously defined QPD value.
This gives an edge value every 500 us, which can be followed over the full
recording time. The resulting edge movement is shown in Fig. 1 D. Veloc-
ities are calculated by v = Ax/At, with At = 500 ms to avoid influence of the
fluctuations.

EXPERIMENTAL RESULTS

Models to estimate effective tension: power
spectral density (PSD) method

To determine an effective tension from the recorded fluctu-
ations, it is necessary to separate the fluctuations from the
bleb extension. As shown previously in Betz and Sykes
(14), the tension-dominated fluctuations show a typical
power-law behavior for the power spectral density (PSD)
derived from the edge movement, PSDnsion () = f~ !
whereas a constant movement exhibits a —2 exponent, as
shown in Fig. 2 A and calculated at the end of this section.

Briefly, the PSD can be derived from the Helfrich free
energy,

F = /dAEK(VZh)2+%a(Vh)2 , (1)
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FIGURE 2 To calculate the effective tension from the fluctuations of the
bleb edge, we explored two different methods that both rely on a separation
of timescales. (A) The power spectrum of the edge movement for the data
shown in panel B) is calculated, and the power law of —1 is detected in the
high-frequency part. The prefactor for this region of the PSD depends on the
effective tension. (B) The edge movement x(¢) (blue) is averaged to deter-
mine the bleb extension xyep, (red). The membrane fluctuations are recov-
ered as the difference between edge movement and bleb extension xg,. =
X — Xpleb (black). (Inset) Using the determined fluctuations, we construct
a position histogram and fit a Gaussian distribution to it. The variance of
the Gaussian is related to the tension of a free membrane. (C) To determine
the smoothing window size, the SD of xg,(7) is determined as a function of
7. (Black) Directly determined SD. The long time slope is determined and
subtracted from the original function to obtain the corrected SD (red). The
idea of the correction is to remove the effect of the continuous growth on the
SD. The maximum of the resulting function is used as an estimate for
the window size. (Blue dotted line) Timescale for the smoothing in this
example.
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where h represents the membrane displacement from its
equilibrium position, and the integral is taken over the
whole surface, ¢ is the membrane tension, and k is the
bending modulus. Applying the equipartition theorem and
solving the equation in spatial Fourier transformation gives
the wave-vector g-dependent amplitude

Including the viscous dissipation of the solvent allows us
to calculate the autocorrelation function,

(h(0h,(0)) = (I}) expl=w(q)1], @)

where w(q) = (Kq3 + dq)/(47) is the mode-dependent relax-
ation frequency, and 7 is the mean viscosity of the surround-
ing fluid.

According to the Wiener-Khinchin theorem (19), the PSD
can be calculated as the Fourier transform of the autocorre-
lation function. Additionally, we need to integrate over all
g-modes, because we only observe a single point on the
membrane. After some algebra (14), we find the following
expression for the PSD,

Gmax

Ak T d
pPSD — 1B / il SN
w (kg* + 0q)” + (4nw)

4min

where ¢nin, and gna.x are the cut-off wave-numbers. Inas-
much as this integral cannot be expressed analytically in a
simple form, we use the limiting cases of tension- or curva-
ture-dominated fluctuations:

kgT kgT
BT BT 5)

PSD, — ,
200  20(27f)

ksT ksT
PSD, = . 1/3 = ]133 55 ©
6m(2n2k)' Pw  6m(2nk)' (2nf)

Interestingly, the tension-dominated regime of the PSD de-
pends only on the tension and not the viscosity. This is sur-
prising, inasmuch as the PSD represents a dynamic
measurement, but it can be explained by the fact that the
PSD,, depends inversely on the frequency. With increasing
viscosity, the frequency for a given oscillation mode
decreases. However, the PSD value is simultaneously
increased, inasmuch as it presents a density and is normal-
ized by frequency bins. When increasing the viscosity, the
curve is shifted to the left and simultaneously upwards.
Both changes compensate, and thus the PSD for the ten-
sion-dominated regime becomes independent of the viscos-
ity. The crossover between the —1 and the —5/3 power law
can be calculated to be

Biophysical Journal 107(8) 1810-1820
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(14), which is expected for blebs to be ~10 kHz using
o = 50 pN/um, « = 10 kT, and » = 0.003 Pas. We only
expect to see the tension-dominated regime with the band-
width of 2 kHz. The low-frequency power law of —2
observed in the data is due to the continuous movement of
the bleb, and not the bending-dominated regime. In the
case of extending blebs, we need to consider the steady
movement of the bleb at low frequencies, whereas at high
frequency, fluctuations dominate over the continuous move-
ment of the edge. Therefore, analyzing the PSD can be used
to determine two things:

1. The nature of the fluctuation, and
2. The effective tension.

Power-law regions of —1 correspond to tension-dominated
regimes, —5/3 to bending-dominated regimes as shown
above, and —2 to a constant movement of the membrane.
We can exploit the finding of a —1 power law to determine
the effective tension o.¢ (14). It should be noted that the
effective tension o.g is used in the analysis, because we
can only determine the tension of the membrane plus the
cytoskeleton. In contrast, ¢ is used in the theoretical expres-
sions of membrane tension that are used in literature. The
different notation of ¢ and o is used to highlight the differ-
ence between a purely theoretical model and the expression
applied to the measurement. The expression used to
describe the measured PSD uses the effective tension o

ks T
PSD, = .
) Anf oef

As shown in Fig. S1 in the Supporting Material, we also
simulated the movement of a bleb and successfully recov-
ered the tension that was used to generate the data.

To understand the —2 power law that is found at low fre-
quencies, we can analytically calculate the Fourier trans-
form of a linear function in the time span 0 to T:

T

H(w) = /v Xt exp(—iwt)dt, @)

0
= é[exp(—iwt)(l + iwr)]]. )

Noting that the PSD is proportional to the absolute value
squared of the Fourier-transform, one easily finds the
—2 power law:

PSD,, o |H(w)|, ©)
= (v/w2 X wT)Z, (10)
w2, (1)
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Models to estimate effective tension: variance
(VAR) method

We directly use the amplitude of the fluctuations quantified
by the variance of the edge movement. Again, we have to
consider the fact that the measured edge movement repre-
sents the overlay of continuous bleb growth and the fluctu-
ations. To best detect how much of the variance results from
fluctuations, we need to correct for the continuous move-
ment. This was done by first detecting the average bleb
extension xyep, from the curve via smoothing by averaging
values from a moving window of length 7. The resulting
bleb extension is considered smooth on the timescale of
~100 ms. Nevertheless, it remains interesting to discuss
possible changes in the bleb extension, as described later.
However, the short-term extension is still assumed to be
continuous. The membrane fluctuations are then simply
calculated by xpu(#) = x(f) — xpen(#), where x(7) is the
measured edge movement (see Fig. 2 B, blue). Fitting a
Gaussian distribution to the histogram of the corrected fluc-
tuations yields the variance of the fluctuations that are used
for further analysis. A central point in this method is to deter-
mine the size of the applied smoothing window 7. This is
important, because the size of this window will have direct
impact on the calculated tension. We estimate this parameter
for each dataset independently using the fact that the variance
of the corrected data as a function of the window size first in-
creases rapidly, whereas for longer 7-values it is less pro-
nounced. The aim is to find a smoothing window where the
variance does not depend strongly on the smoothing window
7. We approximate this timescale by analyzing the curve of
the standard deviation (SD) as a function of 7 (Fig. 2 C).
For large smoothing windows, the increase of the SD is less
pronounced than for short windows. By removing the large 7
trend from the original curve (black in Fig. 2 C), we approx-
imate the corrected SD. The maximum value of that curve is
then found at a reasonable estimate of the smoothing window.
This trend is determined by the slope of the last 10 values of
the black line in Fig. 2 C.

To check whether this strategy does indeed reproduce
reasonably well the edge fluctuations, we simulated the ex-
pected edge movement of a bleb that extends with a velocity
similar to Fig. 2 C. Results of this simulation are shown in
Fig. S1. It should be noted that the timescale of the smooth-
ing window does not correspond to the timescale of cross-
over between the different slopes in the PSD as shown in
Fig. 2 A. Although the crossover timescale in the PSD de-
pends on the tension and the growth velocity, 7 is a timescale
at which the fluctuations are expected to have explored all
possible regimes. This is typically one order-of-magnitude
longer than the crossover in the PSD (see also Fig. S1).

Once we have determined the variance of the corrected
fluctuations, we can use the theory of spherical membranes
to estimate the variance (VAR) as a function of tension. This
was previously introduced to be (20)
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W kB_T Imax 1
) == 2 02— 1) (12)

where the sum is taken over the accessible modes and

I~ 27R
max Ax

is the highest accessible mode. In principle, this mode de-
pends on the bleb radius R at a given time and the size of
the laser focus Ax; however, because the sum in Eq. 12 con-
verges with 1//%, only the first 20 values are important. Using
typical values, we estimate /;,,,x = 25, which then leads to
constant value for the sum of

25 1
lezmzo.ﬂ.

The tension can be calculated from the variance of the cor-
rected fluctuations, using
ksT

Oeff = 0.57 x W (13)

Comparison of the two analytical models

Although the two introduced models rely on the same phys-
ical model, they do use different regimes and require
different analytical procedures. The PSD method focuses
on the dynamics of the fluctuations; the VAR method fo-
cuses on a static measure of the membrane fluctuations. In
both cases, however, we ignore the contribution of the
bending regime. This is justified by the observation that
our experimental data does not show the bending-dominated
—5/3 power law. Confirmed in a previous analysis (14) is
that we expect to see such a crossover at higher frequencies
(10 kHz) than are accessible with the bandwidth of 2 kHz.
We also assume that the viscous dissipation is mainly due
to the solvent, and that the models neglect the contributions
of the cytoskeleton, which is polymerizing under the mem-
brane. During the initial phase of the bleb growth, this
assumption seems to be valid, inasmuch as the actin cortex
requires some time to repolymerize. However, during
growth arrest, we do not yet have an experimental reason
to dismiss an actin cortex contribution.

Membrane movement during bleb growth shows
different growth phases

The movement of the bleb edge typically shows a fast
growth at the beginning of the measurement and then a
reduction of the growth speed until growth fully stops. How-
ever, the growth speed often changes rapidly on the time-
scale of 1 s as can be seen in Fig. | D and Fig. 3 A att =
2 s. To quantify the occurrence of such kinks, we created
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a histogram of the measured velocities. Such a velocity dis-
tribution is shown in Fig. 3 D. The appearance of multiple
peaks in the distribution can then be interpreted as cases
in which the velocity shows fast changes. Please note that
the dominant height of the first peak at v = 0 us represents
the stop phase. We quantify the cases where peaks were
separated by fitting multiple Gaussian functions to the histo-
grams. If the distance between the peaks is bigger than the
SD of the neighboring Gaussians, we count these cases as
clearly separated growth velocities. We observe clearly
separated velocity peaks in 78% of all blebs analyzed.

PSD method

The PSD method offers the possibility to separate the direct
advancement of the edge and the fluctuations that are added
to this advancement in a direct and visual representation.
For the timescales that are dominated by bleb growth, a po-
wer law with a —2 exponent is expected, which is verified in
the measurements for low frequencies. However, if fluctua-
tions are sufficiently high, a crossover to a new power law is
observed. Using the high-frequency regime, we determine
the effective tension and find a large variation of tension
over all measurements and all times (see Fig. 3 E). The
PSD methods reveals the tension to be in the range of
5 pN/um < g.¢ < 600 pN/um. The distribution of values vi-
sualizes the large variation of tension for this cell type. The
average value for all measurements (17 blebs, 3149 tension
measurements) for the PSD method is

<U§§D> = 71 pN/pm,
and the spreading is reflected in the large SD of
SD (ae"fst) = 82 pN/um.

These numbers give an impression of the tension in blebs.
As mentioned, the actual values in a particular situation
may be quite different. Due to the high speed of the mem-
brane bleb advancement, the region where the —1 power
law is found remains limited to approximately one order
of magnitude, and it remains questionable whether this is
sufficient to reliably establish the power law. We tried to
use an analytical method that does not rely on the high-
frequency limit to approximate the tension.

VAR method

In addition to investigating the PSD, we examined the vari-
ance of the fluctuations from the data after correcting for
constant bleb growth. The resulting values are quite similar
to the values found by the PSD method, and an example is
shown in Fig. 3 B. Over all analyzed blebs, we find the

Biophysical Journal 107(8) 1810-1820
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FIGURE 3 (A) Direct comparison between the
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time-dependent edge position (black) and velocity
(green). The decay of the correlation is given in the
autocorrelation plot of Fig. S3 in the Supporting Ma-
terial. (B) Tension (bleb panel A) resulting from the
VAR method (blue) and the PSD method (red) is pre-
sented. The tension measured by different methods is
consistent and suggests a systematic increase over
time. The growth phase (light-brown background)
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is defined by the growth arrest. (C) Scatter plot of
the data presented in panel B, where the markers
are color codes for the edge velocity. (D) Histogram
of the velocities found in the data shown in panel A.
This is used to determine whether there are different
phases during bleb growth that are marked by
different velocities. In this example, we can identify
three different growth phases that are indicated by
the three peaks at positive velocities. (E) Distribution
of the measured tension for all blebs and all the time-
points. The distribution shows a large variation start-
ing at 5 pN/um up to almost 600 pN/um. Again, the
different methods show consistent values. (F) To
finally check whether the two measurements are
indeed consistent, we also analyzed the data using
ascatter plot, where all obtained experimental values
are shown. Again, the edge velocity was used as the
color coding. This plot confirms that the two

300 400 500 600

A 3 1 D
—_ o) >
5. 2.5 os E éznno
§ é E 1000
= Q
) s = ]
8 N S
Growth phase Stop phase = 8'1 0
15 05
B ., Different tension measurements = E
— E
£ 3
>
% 100 100-05 %
7)) =1
z £
< 50| 50 5 ux:
c [%}
S 5
2 o P 10°
S5 0 5 10 15 20 0 100
= Time [s]
C Scatter plot: example data of panel B F 600
05
’ 500
04
= £
= 100 =
5 0.3 o)
sy 0
a 02 o
p }
5 - S
E 50 01 é
=
‘ 0
Y ] o
2 velocity o
0 50 100 150
Tension VAR [N/m] [um/s]

same range of values as in the PSD method (Fig. 3, E and F),
with an average value of

<U¥?R> = 55 pN/um

and SD of

s(a%*) = 66 pN/um.

As can be seen in Fig. 3 E and the scatter plot in Fig. 3 F, the
two different methods give similar results over the full ten-
sion range that was measured.

Tension increases during growth phase and
depends on actin

Our analysis shows that the effective tension values can vary
drastically. This reflects not only the temporal changes that
we measure during the growth of a single bleb but also the
variations between different blebs. To get further insight
into the time dynamics of the effective tension, we investi-
gated the time evolution of tension as shown in Fig. 3 B.
Although we have access only to the last seconds of the
growth phase, we can still determine an increase of tension
that was consistently observed in the two methods of anal-
ysis. To quantify whether this increase is commonly
observed, we split the datasets into a growth phase and a
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600 methods provide consistent values, inasmuch as

most points lie on the diagonal (dashed line). The
highest tensions typically correspond to the low ve-
locity. The color bar of panels C and F is equivalent.

rest phase, and compare the average tension in both phases
(see Fig. 4 A). Again, the individual values vary extensively,
but we do find that the tension increases significantly (p =
0.045, single-tail students #-test) by almost a factor of 2.
Because the PSD method is typically less noisy, we show
in Fig. 4 only the tensions extracted from the PSD. The
VAR method gives qualitatively similar results, but values
are, on average, 10-20% smaller.

Finally, we test the tension in cells that have a perturbed
actin cytoskeleton due to treatment with 2.5 uM Cytocha-
lasin D (CD), a drug that is known to cap actin filaments
and thereby hinders the repolymerization of an actin cortex.
When cells were treated with CD, the dynamic growth and
retraction phases of blebbing were not observed, and thus
only a single value for tension is reported. Tension values
after drug treatment of

aSe, = 18.0 + 6.4 pN/um

(n =10, mean *= SE) are significantly smaller than the ten-
sion found in both the growth and the stop phase of un-
treated cells.

Inverse relation between tension and growth
velocity

Although the increase of tension over time was apparent, we
further investigated the relation between growth velocity
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FIGURE 4 (A) Direct comparison of the growth and the stop phase. The
average tension in these phases increases, whereas the tension that is found
for CD-treated cells decreases significantly. (B) Plotting the normalized ve-
locity over the measured tension shows a clear inverse relation in the log-log
plot. Here we limit the data to blebs that showed at least a twofold increase of
tension during measurement. This was the case for 7 out of 17 blebs (41%).
Each color corresponds to a different dataset. (Dashed diagonal) Power law
of —1. The same data using the VAR method can be found in Fig. S4.

and tension. The example shown in Fig. 3 B suggests an in-
verse relation between tension and growth velocity. This is
further supported by the scatter plot of Fig. 3 E, where the
highest tensions correspond to the lowest velocities. To
check whether this is systematically true, we analyzed the
dependence between the tension and the growth on a subset
of the data (7 out of 17) shown in Fig. 4 B. The subset pre-
sents the data where the tension changed by at least a factor
of two over the observation time. This selection was neces-
sary because we do not have access to the beginning of the
bleb, which means that we have to select for data that shows
a change in tension during the measurement.

Because the tensions and velocities are highly variable, we
normalize the velocity by the average product between ve-
locity and tension as vy = (v(#) X a(f)),. This normalization
is chosen to force the area under the plots to be similar. Plot-
ting the normalized velocity over tension confirms an inverse
relation, as shown in the log-log plot of Fig. 4 B. Part of the
rescaled curves collapses on an inverse relation with a po-
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wer-law exponent of —1, as shown by the dotted line in
Fig. 4 B. It is also observed that, in some cases, the tension
remains constant during the growth stop (far-red data in
Fig. 4 B), and thus gives a marked deviation from the inverse
law. However, in other cases, this phenomenological inverse
relation seems to be a good description of the data.

The presented inverse relation should not be taken as a
general feature that is commonly observed, but as a rather
phenomenological finding that may only be present in a sub-
set of the data and, more importantly, only occurring in
certain phases of a bleb. This is also obvious when consid-
ering that the tension is sometimes increasing even while the
growth has arrested.

Limits
Our method to measure the effective tension is based on a
high-speed interferometric approach that allows the detec-
tion of membrane fluctuations with spatial resolution
<1 nm. Thanks to the high signal/noise provided by the inter-
ferometric method, it is possible to detect the edge fluctua-
tions of growing blebs. To test the limits of this detection
method, we placed the laser at the membrane of fixed cells,
where we assume that the fixing process has generated a high-
ly crosslinked cell that suppresses membrane fluctuations.
The measured fluctuation then provides a lower limit for fluc-
tuation measurements. In Fig. S2, we plot the PSD of the
fixed cell together with the data already shown in Fig. 2, to
validate that the measured edge fluctuations are higher than
the detection limit of the system. Using the PSD method,
we can also estimate a detectable upper limit of 0,,x =
2000 pN/um—an order of magnitude above the typical
values from our measurements, which correspond to fluctua-
tion amplitudes of = 1 nm. The reason for the —2 power law
in the fixed cells is due to thermal drift of the cell and the
detection laser, inasmuch as random thermal movement leads
to —2 power laws. An example of such a dependence is used
in the calibration of optical tweezers (21).

In addition to the theoretical limits of the methods, we
compare all determined tension values of the two methods
and find a median difference of 18% between them.

DISCUSSION
Comparison with literature

The tension of cell blebs has been investigated previously
using techniques such as fluorescence-based fluctuation
detection and static micropipette aspiration (7). From fluo-
rescence-based fluctuation detection methods in M2 cells,
tension values of ¢ = 0.8 pN/um were determined, which
is almost two orders-of-magnitude smaller than values
from our measurements (7). Interestingly, such work also
finds a slight increase in tension for the stop phase compared
to the growth phase, and an overall decrease of tension when
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CD is applied. And while the values are quite different when
compared quantitatively, the qualitative reasoning of our
work is similar. The reason for the differences in absolute
values might be found in the different measurement
methods. Another possible explanation is that the tempera-
ture used in our experiments is ~30°C, which is below the
optimal physiological conditions of 37°C. This difference
may lead to changes in the contractility, resulting in system-
atically different tensions.

Additionally, measurements in Dictyostelium give an
estimate of the cortical tension, which was measured to be
o = 2 nN/pm (22,23)—approximately two orders-of-
magnitude higher than the values measured in this work.
However, it should be mentioned that the mechanical prop-
erties of Dictyostelium are drastically different from typical
mammalian cells.

The tension of cell cortices has also been measured
directly using micropipette aspiration (8,24). This method
allows direct determination of the effective tension by pull-
ing on the membrane, including the actin cortex, and
observing the resulting deformations. In 1929 fibroblasts,
effective tension was measured and blebs were induced by
local ablation of the actin cortex using UV laser cutting.
The measurement method of micropipette pulling, however,
did not allow determination of the tension within the bleb,
but only at the nonblebbing parts of the cells. This study re-
ports tensions in ¢ = 400 pN/um for normal 1929 fibro-
blasts, and a highly reduced tension under the application
of CD o¢p = 40 pN/um. These values are slightly bigger
than the tension we measure, but remain consistent. In addi-
tion, this difference might be due to the different measure-
ment methods, the different position of measurement on
the cells, and the different cell types. The difference be-
tween the M2 cells and the 1.929 cells might be found in
the particular cortex defects of the M2 cells that are known
to lack the actin crosslinking protein filamin A.

The threshold tension to create a bleb may be linked to the
mechanical properties of the actin cortex, where a direct
dependence of the cortex rupture force and the tension could
be hypothesized. In this view, the lack of filamin could
decrease the rupture tension, which would then directly
explain the reduced tension found in the M2 cells. Although
this hypothesis remains to be checked, it would explain why
the overall measured tension is smaller in blebs within the
stop phase of the M2 cells if compared to the cell cortex of
other cell types. Additionally, it is interesting to find that
the tension upon CD application is similar in the different
systems, hinting for a possible general membrane tension.

We were further interested to compare the time evolution
of the bleb tension with the known times of the recruitment
of different proteins in the cell bleb (25). It has been shown
that the recruitment of actin is correlated to the growth arrest
of the bleb, and we do see an increase of effective tension
when the bleb extension slows down. This suggests that
actin is responsible for the increase in tension. This hypoth-
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esis is also supported by our results, which show a decrease
of tension when the repolymerization of the actin cytoskel-
eton is inhibited by CD (Fig. 4 A). The final recruitment of
actin binding proteins such as crosslinkers may further in-
crease the mechanical rigidity of the actin cortex and in-
crease the tension. In this view, the tension increase is
indeed due to the actin cortex.

Validity of an equilibrium model of membrane
fluctuations

The theoretical model used to infer information about the
membrane tension from the fluctuation is based on equilib-
rium thermodynamics (26). Our analysis considers the active
bleb extension, and uses our method of separation of time-
scales to isolate the random fluctuations from the edge
advancement. However, it remains unclear whether these
fast movements are purely thermal or might also have
nonthermal and active components. Previous reports hint
that the nonequilibrium fluctuation in active systems are
dominant in the low-frequency part, and that the high fre-
quencies beyond 10 Hz can be described by the passive
model (27). Our analysis does rely on the validity of these
findings in the investigated system of membrane fluctuations.
However, unknown fast nonequilibrium processes might
partially drive the measured membrane fluctuation, and
lead to a systematic underestimation of the reported tension
values. As of this writing, the main reason supporting the
high-frequency fluctuations being in thermodynamic equi-
librium is that we find the predicted power law of —1. But
theoretical models of active membranes (28-30) suggest
that, depending on the active process, the PSD might not be
sufficient to exclude such contributions. Possible contribu-
tions to such nonthermal fluctuations could be the active
polymerization of the actin cytoskeleton (31), or mem-
brane-bound proteins such as ion pumps (32).

Interpretation of effective tension

As described above, we apply the theory of pure lipid mem-
branes to infer an effective tension from membrane fluctua-
tion characteristics in blebs. It should be pointed out that
the validity of this theory, for composite systems such as a
membrane including the underlying actin cortex, is far from
evident. From a mechanical point of view, the membrane the-
ory may be applied if the cortex remains thin compared to the
typical wavelength of the fluctuations. This is indeed the case
in the blebs. Different analytical approaches that either disre-
gard the time-dependent information (VAR method) or which
exploit exactly the time dependence in fluctuations (PSD
method) were used to check for consistency between the
model and the experimental results. Our finding that both ap-
proaches lead to similar effective tension values suggests that
the underlying model can be used to describe the system.
However, whether the simple lipid membrane model can be
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used to extract information about the cortical tension in other
cell types or structures remains to be verified.

Regarding the interpretation of the effective tension, it
should be also pointed out that, especially in the VAR
method, we exclusively assume that fluctuations are gov-
erned by tension, and we do not consider possible mechan-
ical stabilization effects due to the known repolymerization
of the actin cortex. The main reason to still use the term
“effective tension” is the observed power law from the
PSD measurement. However, one might argue that even
the actin cortex may lead to such a power law. In the absence
of further theoretical models, we interpret the fluctuations as
tension-dominated. Moreover, even if a polymerizing actin
cortex experiences an area stretching (as it occurs in the ex-
tending blebs), it should simply add an additional tension to
the membrane tension. In this sense we argue that the inter-
pretation as an “effective tension” is reasonable. Again, the
fact that the VAR and the PSD methods give similar results
further supports this interpretation. Future experiments,
such as on biomimetic liposomes that contain actin cortices
(33,34), might give more insight into the expected influence
of an actin network on membrane fluctuations.

Of special interest is the interpretation of the effective
tension when combined with the previous results from Dai
et al. (11). They directly measured the membrane tension
using membrane tethers and report values for blebs that
are close to the values that we find in CD-treated cells
with a disrupted actin cortex. The small differences in our
measurements and these tether-pulling experiments may
be due to the onset of actin repolymerization in our bleb
measurement. Measurements during the onset of blebbing
should yield values directly comparable to tether pulling ex-
periments; however, the experimental procedure under dis-
cussion here did not allow such measurements.

Tension increase during growth

With our experimental data, we see an increase in tension
over time. From a plain mechanical point of view, the move-
ment of the membrane has to reflect an imbalance between
the forces pushing on the membrane (pressure) and the
forces holding the membrane back (tension). If bleb growth
stops, the system has returned to an equilibrium situation.
Because the hydrostatic pressure is not vanishing at growth
stop (8), the tension has to increase, which is exactly the
observation reported in this article.

The molecular explanation for the tension increase, how-
ever, remains unclear. Possible explanations are an increase
of mechanical rigidity during the repolymerization of the
actin cortex, a limited membrane reservoir that has to flow
into the bleb, a bleb growth in direct vicinity of the bleb,
and changes in the bleb shape. Our hypothesis is that the re-
polymerized actin cortex, in fact, creates a rigid structure
connected to the membrane, which resists mechanical
extension. This view has been already put forward in previ-
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ous reports (7). This mechanical effect requires a suffi-
ciently rigid actin cortex that is fully connected inside the
bleb. Also, the strongly reduced tension in the CD-treated
cells supports this hypothesis. To show this explanation, a
detailed study of the correlation between tension and the re-
polymerization of the actin network is required.

CONCLUSION

We present a fluctuation-based measurement of blebs in M2
cells which is capable of detecting the effective tension dur-
ing bleb expansion with a temporal resolution of =1 s. The
time resolution of the tension measurement is ~2 orders-of-
magnitude slower than the time resolution of the data acqui-
sition because reasonable statistics for the fluctuations are
required to get reliable values. The method is based on
high-accuracy measurements of membrane fluctuations that
can be distinguished from the continuous growth through a
separation of timescales. The extracted tension is found to in-
crease during bleb expansion and growth stop. This result
directly confirms the model of a bleb growth stop that is
mediated by the increased mechanical rigidity due to repoly-
merization of the actin cortex in the growth phase.

The time-resolved effective tension values are compara-
ble to previous measurements on the cell cortex by micropi-
pette aspiration on different, nonblebbing cells. However,
when perturbing the actin cytoskeleton with CD, bleb dy-
namics stop and we recover similar values as found in pre-
vious studies under CD treatment. The method given here is
capable of providing a direct measurement of the effective
tension, with the potential to directly study the mechanical
properties and its dynamic changes with 1-s time resolution.
Our study shows that by using membrane fluctuations it is
feasible to determine membrane tension in the physiological
range, with a limit of fluctuation amplitude of 1 nm, corre-
sponding to an upper limit of effective tension measure-
ments of =2000 pN/um.
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