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Hypotonic Challenge of Endothelial Cells Increases
Membrane Stiffness with No Effect on Tether Force
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ABSTRACT Regulation of cell volume is a fundamental property of all mammalian cells. Multiple signaling pathways are known
to be activated by cell swelling and to contribute to cell volume homeostasis. Although cell mechanics and membrane tension
have been proposed to couple cell swelling to signaling pathways, the impact of swelling on cellular biomechanics and mem-
brane tension have yet to be fully elucidated. In this study, we use atomic force microscopy under isotonic and hypotonic con-
ditions to measure mechanical properties of endothelial membranes including membrane stiffness, which reflects the stiffness of
the submembrane cytoskeleton complex, and the force required for membrane tether formation, reflecting membrane tension
and membrane-cytoskeleton attachment. We find that hypotonic swelling results in significant stiffening of the endothelial mem-
brane without a change in membrane tension/membrane-cytoskeleton attachment. Furthermore, depolymerization of F-actin,
which, as expected, results in a dramatic decrease in the cellular elastic modulus of both the membrane and the deeper cyto-
skeleton, indicating a collapse of the cytoskeleton scaffold, does not abrogate swelling-induced stiffening of the membrane.
Instead, this swelling-induced stiffening of the membrane is enhanced. We propose that the membrane stiffening should be
attributed to an increase in hydrostatic pressure that results from an influx of solutes and water into the cells. Most importantly,
our results suggest that increased hydrostatic pressure, rather than changes in membrane tension, could be responsible for acti-
vating volume-sensitive mechanisms in hypotonically swollen cells.
INTRODUCTION
All cells maintain their volume within a narrow range to pre-
serve normal cell function. The mechanisms of cell volume
regulation have been an area of active investigation for
several decades and multiple signaling pathways have
been identified to be sensitive to cell swelling and to
contribute to regulatory volume decrease (1,2). One impor-
tant question that is still a matter of controversy is the
impact of osmotic swelling on cellular biomechanics, which
is proposed to play a key role in activating various mecha-
nosensitive pathways.

Initially, it was proposed that cell swelling should result
in an increase in membrane tension, which in turn should
activate mechanosensitive ion channels leading to a reequi-
libration of the osmotic balance between the cytosol and the
extracellular fluid, and thus, regulatory volume decrease.
Moreover, osmotic challenge was used in a number of
studies to determine whether specific processes were sensi-
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tive to changes in membrane tension (3–6), which was based
on the assumption that cell swelling should necessarily lead
to higher membrane tension. This assumption, however,
may not be correct because of the highly folded nature of
the plasma membranes of mammalian cells (7), which
may lead to a significant increase in cell volume due to
membrane unfolding without any increase in membrane ten-
sion. Indeed, the experimental data on membrane tension in
cells under osmotic stress has been controversial: an earlier
study of molluscan neurons found a significant increase in
membrane tension during swelling, as estimated by pulling
membrane tethers (3), whereas later studies of mammalian
cells found no effect on tension unless membrane folds
were flattened by genetic deficiency of Caveolin-1 or by
cholesterol depletion (8). In both studies, membrane tension
was estimated by measuring the force required to pull mem-
brane tethers/nanotubes using optical tweezers, a method
that measures an effective membrane tension, which de-
pends on lipid bilayer tension per se and the adhesion energy
between the submembrane cytoskeleton and the membrane
bilayer (9,10). It is not possible to fully separate these pa-
rameters in a living cell without completely destroying the
cytoskeleton or separating it from the membrane.
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Another important cellular biomechanical parameter is
the elastic modulus, which is estimated by measuring the
force required to induce a local deformation on the cell sur-
face, and is typically obtained using atomic force micro-
scopy (AFM) (11). Multiple studies have demonstrated
that the membrane elastic modulus of living cells depends
primarily on the submembrane cytoskeleton, which repre-
sents the mechanical scaffold of the cells (reviewed by
(12,13)). Because cell swelling is expected to induce
disruption of the cytoskeleton (14–21) and possibly its
detachment from the membrane, cell swelling could be ex-
pected to result in cell softening as well. It is not clear, how-
ever, how the two biomechanical parameters (membrane
tension and elastic modulus) are interrelated during cell
swelling. In this study, therefore, we present a simultaneous
analysis of the impact of osmotic swelling on endothelial
elastic moduli, obtained by AFM nanoindentation, and on
membrane tension, assessed by measuring membrane tether
force in the same cells. We show that, in endothelial cells,
swelling results in an increase in the elastic modulus of the
membrane, which is paradoxically enhanced by the disrup-
tion of F-actin. Moreover, we find no effect of swelling on
the force needed for membrane tether formation.
MATERIALS AND METHODS

Cell culture and reagents

Human aortic endothelial cells (HAECs; Lonza, Walkersville, MD) were

grown between passages 6 and 13 and cultured according to the manufac-

turer’s instructions in Lonza Clonetics Endothelial Growth Medium with

EGM-2 BulletKit supplements. Gibco Penicillin-Streptomycin (Thermo

Fisher Scientific, Waltham, MA) antibiotics were added to the medium at

a concentration of 100 U/mL (penicillin) and 100 mg/mL (streptomycin)

to prevent bacterial contamination. Cell cultures were maintained in a

humidified incubator at 37�C with 5% CO2 and were fed and split every

3–4 days.
Cell treatments

HyClone Dulbecco’s phosphate buffered saline (PBS) with calcium and

magnesium was purchased from GE Healthcare (Logan, UT). HAECS

were seeded on uncoated glass coverslips in six-well plates and grown in

Lonza medium until confluent. The medium was removed and the HAECs

were washed with PBS. Finally, to determine the effect of osmotic chal-

lenge on cell mechanics, HAECs were treated immediately before experi-

ments with either PBS alone, with 20% hypotonic PBS, prepared by

diluting PBS with cell culture grade distilled water, or with 20% hypertonic

PBS, prepared by adding D-mannitol (Sigma-Aldrich, St. Louis, MO)

to PBS. To disrupt the F-actin network, HAECs were treated with 1 mM

latrunculin A (Cayman Chemical, Ann Arbor, MI) for 10 min, followed

by changing medium to first isotonic PBS and then hypotonic PBS.
Atomic force microscopy

The elastic modulus and force of membrane tether formation of individual

HAECs was measured with an MFP-3D-BIO AFM (Oxford Instruments

Asylum Research, Santa Barbara, CA). Briefly, cells were probed using

gold-coated silicon nitride cantilevers with pyramidal tips (Cat. No.
930 Biophysical Journal 114, 929–938, February 27, 2018
TR400PB, 2.9 mm height, 30 nm radius, 0.095 0.06 N/m spring constant;

Oxford Instruments Asylum Research). The cantilever was positioned

above the cell between the nucleus and the cell edge, avoiding the perinu-

clear and edge regions, and each cell was probed in direct contact mode at

two different locations, 25–50 times at each location. A total of 15–60 cells

was analyzed for each experimental condition, with 50–100 force/distance

curves acquired from each cell. The force curves were obtained by

recording the force applied and the cantilever deflection at vertical z posi-

tions of the cantilever as it approached, indented, and retracted from the

cell. In some cases, adhesion occurred between the AFM cantilever tip

and the cell membrane, resulting in sudden discontinuities in the retraction

force curves as the membrane ruptured from the tip. The cantilever ap-

proached the cell at a velocity of 2 mm/s until a trigger force of 3 nN was

reached, which corresponded to a 0.5 mm indentation depth. Before the start

of each experiment, the cantilever is calibrated against a clean glass cover-

slip by calibrating the inverse optical lever sensitivity (InvOLS), a param-

eter that measures the photodiode response (in volts) per nanometer of

cantilever deflection. The cantilever spring constant is then calibrated using

a thermal-tune method during which the thermal vibrations of the cantilever

are recorded and the power spectrum obtained is analyzed by the AFM soft-

ware. We perform a fit to the lowest frequency thermal peak to obtain the

cantilever spring constant. Finally, we perform a calibration of the InvOLS

again on a section of glass that contains no cells when a sample is loaded, to

obtain the cantilever sensitivity in the liquid medium environment. InvOLS

is calibrated every time a cell sample is changed because the laser align-

ment may change.
Measurement of cellular elastic moduli and
membrane tether formation force

For each experiment, cells were first probed in AFM contact mode in an

isotonic PBS solution. Then the same population of cells was probed after

exchanging the isotonic solution with 20% hypotonic PBS. Each contact of

the AFM tip with a cell resulted in both an approach (as the tip came closer

to the surface of the cell) and a retraction (as the tip retreated from the cell

surface after contact) force/distance curve, and both curves were analyzed

to estimate cellular elastic moduli and membrane tether forces respectively

(see representative force curves in Fig. 1, A and B).

To obtain Young’s elastic moduli of the cells as a measure of cell stiff-

ness, E, at least five force/distance approach curves at both locations probed

on each cell were analyzed by fitting the experimental curve to the Hertz

model for pyramidal tip geometries (22) (Eq. 1):

F ¼ E tan f

21=2ð1� y2Þd
2; (1)

where F is the force applied to the cantilever (loading force), d is the inden-

tation depth, n is the cellular Poisson’s ratio (assumed to be 0.5 for incom-

pressible biological material), and 2f is the tip angle (25–45�). Curve fitting
was performed using the data analysis software Igor Pro (version 6.3.7.2;

WaveMetrics, Portland, OR) along with the software MFP-3D (version

14.23.153; Asylum Research, Santa Barbara, CA).

To quantify membrane stiffness, we analyzed the approach force curves

from the point at which the cantilever initially touched the cell surface to a

point where the cantilever made an indentation to a depth of �5 nm on the

surface (corresponding to the approximate thickness of the membrane

bilayer) (23), as shown in the section of the representative traces in

Fig. 1 A. For the stiffness of the deeper cytoskeleton, on the other hand,

the entire approach force curve with the indentation to the depth of

500 nm or �10–15% of the total cell height was fitted to the Hertz model,

as illustrated in the representative traces for cells in isotonic and hypotonic

solutions in Fig. 1 B. An inset to Fig. 1 schematically shows the different

regions. Both portions of the curves were fitted to the Hertz model to

extract values of E. Because the measurement is done by the AFM probe



FIGURE 1 Differential effects of isotonic and

hypotonic solutions on membrane region and

deeper cytoskeleton elastic moduli. (Inset) sche-

matic depicting a cell membrane segment illus-

trating the positions of the membrane (composed

of the lipid bilayer/submembrane cytoskeleton

complex) and the deeper cytoskeleton. (A) Sections

of representative traces of AFM approach force

curves for cells exposed to osmotic challenge,

with vertical dashed lines demarcating the section

fitted to obtain the membrane region elastic

modulus. (B) Full representative traces of approach

force curves, with a dashed curve indicating the

region fitted to obtain elastic moduli of the deeper

cytoskeleton. (C) Mean membrane and deeper

cytoskeleton elastic moduli of cells exposed to

isotonic solution. (D) Histograms of elastic moduli

measured in the membrane region of endothelial

cells exposed to isotonic (left), hypotonic (center),

and hypertonic (right) solutions. (E) Mean mem-

brane region elastic moduli of cells exposed to

the conditions described above. (F) Histograms

of elastic moduli measured in the deeper cytoskel-

eton of cells exposed to isotonic, hypotonic, and

hypertonic solutions. (G) Mean deeper cytoskeletal

elastic moduli of cells exposed to the same exper-

imental conditions (n ¼ 15–60 cells; p < 0.05).

Data was obtained immediately after the onset of

osmotic challenge and continued for 25 min. To

see this figure in color, go online.
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approaching cells from above and measuring the stiffness of the apical

membrane, the extracellular matrix at the cell-substrate interface does not

contribute to this measurement.

One limitation of this method is that, although cells are heterogeneous,

the Hertz model assumes sample homogeneity. However, this model is

the most common method to estimate cellular elastic moduli from AFM

indentation experiments and used in numerous studies (24–26). Therefore,

whereas other models have been developed to estimate elastic moduli from

AFM data, we chose to use the Hertz model to obtain parameters consistent

with values obtained in other studies. Another limitation of the method is

that under different experimental conditions, the lattice spacing of the

deep cytoskeleton may change, affecting how deeply the AFM cantilever

tip can penetrate at a given applied force. Although this change in lattice

spacing could potentially affect the measured stiffness of the deep cytoskel-

eton, we believe that our estimates of membrane stiffness are unaffected

because we obtain these values at a constant indentation depth of 5 nm,

regardless of experimental condition.

To study the effect of hypotonic challenge on endothelial membrane

tension, we determined the force of membrane tether formation using

nonfunctionalized AFM cantilever tips. Multiple force curves were

obtained per cell by repeatedly indenting two distinct regions on each

cell. As the AFM probe retracted from the cell, the surface of the membrane

occasionally adhered to the silicon nitride cantilever tip and was pulled up

to form a membrane nanotube (tether). In these cases, as the probe was

retracted further away from the cell, the membrane tether ruptured from
the cantilever tip, causing a sudden jump in the force recorded on the

force/distance retraction curve, thus providing a way to quantify the force

required to form a cell membrane tether. Mean tether force values were

obtained by analysis of at least ten retraction force curves at both locations

probed on each cell. Only curves that exhibited an adhesion event between

the cantilever tip and the cell membrane were selected for analysis. The

radii of the tethers were not measured because in AFM experiments, the

direction at which tethers are pulled is the same as the optical axis of

the microscope and, therefore, tethers cannot be directly visualized. Forma-

tion of the tethers is determined by the sudden change in force with distance

as the tethers detach from the cantilever tip.
Data analysis

Elastic modulus (E) values obtained from fitting experimental force curves

to the Hertz model (Eq. 1) are presented for each experimental condition

both as histograms (binned in increments of 5 kPa for both control and

hypotonically challenged cells and 0.5 kPa for latrunculin-treated cells)

and as mean 5 SE from at least three independent experiments. A similar

method is used to present tether force data. For analysis of the effects of

time on E and tether force, data is averaged separately for each cell and

plotted on one graph as a function of time, aggregated for all independent

experiments. Statistical analysis of the data is performed using standard

two-sample Student’s t-tests and assuming unequal variances of the data
Biophysical Journal 114, 929–938, February 27, 2018 931
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sets. Two-tailed distributions have been assumed to obtain statistical signif-

icance and the confidence interval is set to at least a 95% level (p < 0.05).
RESULTS

Distinct effects of osmotic challenge on the
membrane and deeper cytoskeleton stiffness

We studied the impact of osmotic stress on the stiffness of
HAECs measured by AFM nanoindentation for confluent
HAECs exposed to isotonic and 20% hypotonic or hyperton-
ic osmotic gradient conditions. The schematic inset in Fig. 1
illustrates the two regions of interest, a membrane bilayer
with the underlying submembrane cytoskeleton (membrane)
and the deeper cytoskeleton. The regions are probed by
AFM to obtain estimates of the membrane elastic modulus
(analysis of the indentation to a depth of 5 nm; Fig. 1 A)
and deeper cytoskeleton (analysis of the indentation to a
depth of 500 nm; Fig. 1 B). Notably, the stiffness of the
deeper cytoskeleton is double that of the membrane region,
indicating that the overall cellular stiffness is higher than
that of the membrane-cytoskeleton envelope (Fig. 1 C).

Exposure of HAECs to a hypotonic solution causes a sig-
nificant increase in membrane stiffness (Fig. 1, D and E).
This is apparent in Fig. 1 D from the right-tailing and
spreading observed in the distribution of membrane elastic
moduli (E) measured in cells exposed to the hypotonic solu-
tion, as compared to cells in isotonic medium, and from an
increase in the mean value of the membrane E (Fig. 1 E).
Conversely, exposure of HAECs to a hypertonic solution
causes a significant decrease in membrane elastic moduli
(Fig. 1, D and E). In contrast, our analysis of the full
approach curves (shown in Fig. 1 B), yielding elastic
moduli of the deeper cytoskeleton, shows no significant
change under either hypotonic or hypertonic conditions
(Fig. 1, F and G).
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Numerous studies have shown that challenging cells with
hypotonic gradients results in a transient increase in cell
volume followed by a recovery phase called ‘‘regulatory
volume decrease’’ (RVD) (reviewed by (17,27)). It is impor-
tant, therefore, to analyze in more detail, the time depen-
dence of the changes in endothelial elastic moduli after
osmotic challenge. Using resistance measurements in a mi-
crofluidic chamber described in our earlier study (28), we
show that aortic endothelial cells undergo a typical RVD
process with a recovery observed within �15–20 min after
the onset of osmotic challenge. A representative RVD trace
from an endothelial cell is shown as an inset in Fig. 2. From
Fig. 2 A, we can clearly see that the membrane E values for
cells in isotonic solution remain constant over time and
average 10.4 5 1.2 kPa, whereas, when the solution is
switched to a hypotonic one, the membrane E begins to in-
crease, as evidenced by the scattering of E values over
25 min in Fig. 2 A. Taking mean values of membrane E
every 5 min for the duration of the experiment in Fig. 2 B
(and averaging all 25 min of values for isotonic solution
for the first data point at time 1 min), we observe an initial
increase in stiffness with time, followed by a plateau and
slight decrease.
Disruption of F-actin enhances membrane-
cytoskeleton stiffening

It is well established that cell stiffness depends primarily on
the cytoskeleton and that disruption of the F-actin network
results in a significant decrease in the cellular elastic
modulus (29). It is also possible that osmotic flow of water
and solutes into the cell could cause stiffening of the mem-
brane region by increasing the hydrostatic pressure. To
discriminate between these possibilities, cells were exposed
to latrunculin A (lat-A), a toxin that prevents actin
FIGURE 2 Time dependence of changes to

elastic moduli by hypotonic challenge. (Inset)

Representative trace of RVD response of aortic

endothelial cells challenged with an osmotic

gradient. (A) Time dependence ofmembrane elastic

moduli changes for cells exposed first to isotonic

and then hypotonic solutions. (B) Time-averaged

membrane region elastic moduli, with the first

data point being an average for all cells in isotonic

media, and subsequent data points representing

cells in hypotonic medium averaged every 5 min.

The line shows the moving average of every two

points. Note that RVDmeasurements are performed

in a microfluidic chamber under shear stress, as

described in our earlier studies (28), and AFMmea-

surements are performed in an open chamber under

static conditions. The difference between the two

sets of conditions for RVD and AFM experiments

may account for the differences in the time-courses

of volume change and of membrane elastic

modulus. To see this figure in color, go online.
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polymerization, resulting in a collapse of the F-actin network
(30). In our experiments, cells were exposed to 1 mM lat-A
for 10 min under isotonic conditions and then the medium
was changed to a hypotonic solution. As expected, exposure
to lat-A resulted in a dramatic change in endothelial
morphology, with cells becoming round and losing cell-
cell contacts, indicating the collapse of the F-actin network.
Also, as expected, exposure to lat-A resulted in a significant
decrease in the elastic moduli of both the membrane region
(1.3 5 0.3 vs. 10.4 5 1.2 kPa for cells exposed to lat-A
versus control cells in isotonic conditions, respectively)
and cytoskeleton (3.5 5 0.6 vs. 20.0 5 4.2 kPa for lat-A
treated versus control cells in isotonic solution, respectively).
This shift is also apparent from a decrease in the initial slopes
of the approach force curves after the point of cell indenta-
tion by the AFM cantilever, shown in representative traces
in Figs. 3 A and 4 A for cells in both isotonic and hypotonic
solutions treated with lat-A, as compared to similar traces for
untreated cells in Fig. 1, A and B.

However, despite the loss of F-actin network, hypotoni-
cally induced stiffening of the membrane region of the cells
persisted (Fig. 3). Specifically, from the representative
traces for lat-A treated cells, it is immediately clear that
the cells exposed to hypotonic solutions are stiffer than
those in isotonic medium (see the shift in slopes in
Fig. 3 A). This effect is quantitatively demonstrated in
Fig. 3 B by showing both right shifting and spreading of
FIGURE 3 Dependence of membrane elastic moduli on F-actin disruption. (A

cells (1 mM for 10 min), exposed to an osmotic challenge. (B) Histograms of m

hypotonic (right) solutions. (C) Mean membrane elastic moduli of lat-A-treated

membrane elastic moduli changes for lat-A-treated cells exposed first to isotonic

in color, go online.
the membrane E distribution for cells in hypotonic solution
as compared to cells in isotonic medium. There is also a sta-
tistically significant increase in the mean value of E in cells
challenged with a hypotonic solution (Fig. 3 C). Further-
more, we show here that depolymerization of F-actin
enhances the stiffening effect of the membrane region
by hypotonic solution (hypotonic to isotonic E ratio
of 2.6 5 0.2 for lat-A treated cells versus 1.8 5 0.2 for
control cells, p < 0.05), suggesting that the presence of
the intact cytoskeleton dampens the stiffening effect.
Notably, there is also a significant change in the time-course
of the stiffening effect: whereas in control, untreated cells
the stiffening persisted over a range of at least 25 min, after
lat-A treatment, the stiffening becomes biphasic (Fig. 3 D).
First, exposure to the hypotonic solution results in a tran-
sient (2.7 5 0.3)-fold increase in the mean membrane E
within the first 6 min after the osmotic challenge (from
1.3 5 0.1 kPa for isotonic to 3.5 5 0.3 kPa for hypotonic
solution, p < 0.01), and then it stabilizes to a mean value
of 2.55 0.2 kPa in hypotonic solution. The biphasic change
in the elastic modulus suggests that RVD in these cells is
facilitated by the disruption of F-actin. Although this predic-
tion cannot be tested experimentally using our methodology
because lat-A treated cells lose their adhesion to the sub-
strate, our earlier studies showed that disruption of F-actin
facilitates activation of volume-regulated anion channels
(14), which indeed would be expected to facilitate RVD.
) Sections of representative traces of approach force curves for lat-A-treated

embrane elastic moduli of lat-A-treated cells exposed to isotonic (left) and

cells exposed to isotonic and hypotonic solutions. (D) Time dependence of

and then hypotonic solutions (n ¼ 15–60 cells; p < 0.05). To see this figure
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FIGURE 4 Dependence of deeper cytoskeletal elastic moduli on F-actin disruption. (A) Full representative traces of approach force curves for lat-A-treated

cells (1 mM for 10 min), exposed to an osmotic challenge. (B) Histograms of elastic moduli measured in the deeper cytoskeleton of lat-A treated cells exposed

to isotonic (left) and hypotonic (right) solutions. (C) Mean deeper cytoskeletal elastic moduli of lat-A treated cells exposed to isotonic and hypotonic

solutions. To see this figure in color, go online.
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In contrast to this increase in membrane E, no significant
change was observed in the deeper cytoskeleton stiffness in
lat-A treated cells upon osmotic challenge (Fig. 4). Taken
together, these observations demonstrate that the stiffness
of the membrane region is more sensitive to changes in
osmotic pressure than the stiffness of the cytoskeleton.
Osmotic challenge does not increase membrane
tether force

Formation of membrane tethers is used to estimate cell
membrane tension by optical tweezers (3,31) or atomic
force microscopy (32,33). The tether force obtained from
these measurements is composed of 1) the lipid bilayer
in-plane tension, 2) the membrane resistance to tether for-
mation (bending stiffness), and 3) the membrane-cortical
cytoskeleton adhesion energy (34). Therefore, tether forces
are also able to provide an estimate of the strength of adhe-
sion between the membrane and the underlying cortical
cytoskeleton.

Our analyses of the retraction force curves that exhibit
membrane tethers produced distributions of tether forces,
shown in Fig. 5 B, where we observe similar distributions
for cells residing in both isotonic and hypotonic solutions.
Averaging these distributions indicates that exposure of
HAECs to hypotonic challenge does not cause a significant
change in the overall force of membrane tether formation
(Fig. 5 C). Furthermore, we also measured the tether forces
after disrupting F-actin with lat-A to estimate the contribu-
tion of membrane-cytoskeleton adhesion to tether forma-
tion. These data show that, as expected (30), the tether
forces in both isotonic and hypotonic conditions are signif-
icantly reduced, but there is no difference between the two
conditions (Fig. 5 C). These observations suggest that hypo-
tonic challenge has no significant effect on the membrane-
cytoskeleton adhesion in HAECs. Notably, the tether force
is also constant with time throughout the experimental
period for cells in both isotonic and hypotonic solutions
(Fig. 5, D and E). This indicates that cell swelling due to
934 Biophysical Journal 114, 929–938, February 27, 2018
osmotic challenge does not have an effect on the formation
of membrane tethers by AFM nanoindentation.
DISCUSSION

The impact of cell swelling on cellular biomechanics and
particularly on membrane tension has been a major question
in the field of cell volume regulation. The general expecta-
tion is that, as cells swell, membrane tension should in-
crease; however, there is little direct evidence to support
this notion. It is also expected that upon swelling, the elastic
modulus of the cells should decrease, representing cell
softening, because earlier studies showed that cell swelling
results in the disruption and reorganization of the cortical
cytoskeleton (14–21). In this study, we analyze the impact
of cell swelling on the biomechanical properties of human
aortic endothelial cells by simultaneous measurements of
endothelial elastic moduli and the force required for the
formation of membrane tethers. Moreover, our analysis dis-
criminates between the elastic modulus of the membrane/
cytoskeletal complex (i.e., membrane) and the general
elastic modulus of the cell, which represents the resistance
to deformation of the deeper cytoskeleton throughout the
whole cell. Our main findings are: 1) cell swelling results
in a significant increase in the membrane elastic modulus,
indicating that it becomes stiffer, an effect that is enhanced,
not abrogated, by the disruption of F-actin; 2) there is no sig-
nificant change in the general elastic modulus of swollen
cells; and 3) no effect is observed on the force needed for
membrane tether formation, suggesting that membrane ten-
sion of HAECs is not affected by cell swelling. We propose
that an increase in the membrane elastic modulus is the
result of increased hydrostatic pressure within the cell due
to the influx of water into the cell resulting from the osmotic
gradient.

It is known that the plasma membrane is tightly associ-
ated with the submembrane cytoskeleton layer, creating a
membrane/cytoskeleton complex. It is also known that the
submembrane cytoskeleton is the major determinant of the



FIGURE 5 Effect of osmotic challenge on the force of membrane tether formation. (A) Representative traces of AFM retraction force curves for cells

exposed to an osmotic challenge with an inset of a representative force discontinuity (used to obtain the tether force). (B) Histograms of membrane tether

forces measured in cells exposed to isotonic (left) and hypotonic (right) solutions. (C) Mean membrane tether forces of cells exposed to isotonic and

hypotonic solutions with and without exposure to lat-A (1 mM for 10 min). (D) Time dependence of membrane tether force measurements for cells exposed

first to isotonic and then hypotonic solutions. (E) Time-averaged tether force measurements, with the first data point being an average for all cells in isotonic

media, and subsequent data points representing cells in hypotonic medium averaged every 10 min (asterisks denote statistically significant difference

(n ¼ 15–60 cells; p < 0.05) between lat-A-treated and untreated cells). To see this figure in color, go online.
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elastic properties of this complex, meaning that the elastic
properties of the membrane depend primarily on the me-
chanical properties of the submembrane cytoskeleton and
not on the elastic properties of the lipid bilayer (35–39).
Therefore, disruption of the submembrane cytoskeleton or
its detachment from the membrane bilayer should decrease
membrane elastic modulus. Our initial expectation, there-
fore, was that because cell swelling was shown previously
to cause partial disruption of the cytoskeleton, it should
cause a decrease in membrane elastic modulus. In this study,
however, we show that a mild osmotic gradient of 20%
results in a significant increase in elastic modulus of the
membrane region in HAECs. It is important to note that,
whereas many studies analyze the effects of cell swelling
by subjecting the cells to osmotic gradients of 50%
or more (3–6,40) including exposing the cells to distilled
water (41,42), these strong gradients are very unlikely to
be physiologically relevant because the osmolality of the
plasma and extracellular fluids is tightly regulated. For
example, even under extreme conditions of compulsive wa-
ter drinking, we found that the osmolality of the plasma de-
creases �10% (43). This study, therefore, focuses on a mild
osmotic gradient that is closer to physiological challenges.

In terms of the mechanism for the observed hypotonically
induced membrane stiffening, we considered two general
mechanisms. One possibility is that, even though osmotic
swelling has been shown to result in the dislocation of the
cortical cytoskeleton (fodrin) from the endothelial mem-
brane (18), it is possible that there are additional cytoskel-
etal changes that could result in membrane stiffening. An
alternative possibility is that the stiffening is a result of an
increased hydrostatic pressure that develops from osmotic
influx into the cells. This increased pressure may cause
the measured elastic modulus to increase. Indeed, Beyder
and Sachs (44) showed that the application of hydrostatic
pressure through a micropipette directly to the cell interior
in a whole-cell patch configuration results in a decrease
in membrane deformability, which indicates membrane
stiffening. To discriminate between these possibilities, we
tested whether depolymerization of F-actin, which causes
a collapse of the cytoskeleton (18,32), abrogates the
observed stiffening effect. As expected, we observed a dra-
matic decrease in the elastic modulus for cells treated with
latrunculin A, indicating the collapse of the cytoskeleton
and possibly the transfer of stress from deep cytoskeleton
to the cortex. These data are also consistent with several
studies from our lab and from other investigators showing
that endothelial cells are contractile under control condi-
tions, as measured both by traction force microscopy and
in 3D collagen gels (45,46). Collapsing the F-actin network
is expected to abrogate the contractile response. However, at
the same time, we found that the depolymerization of
F-actin did not abrogate, but actually enhanced, the increase
in the membrane elastic modulus of the cells during osmotic
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challenge. This observation strongly supports the hypothesis
that it is an increase in hydrostatic pressure that is respon-
sible for the observed stiffening effect. Notably, very little
is currently known about the effects of intracellular hydro-
static pressure on cellular signaling mechanisms and further
studies are needed to evaluate these effects. In terms of the
effect of the hydrostatic pressure on membrane elastic
modulus, we propose that it can be a direct result of physical
pressure applied to the membrane from inside. Furthermore,
our observation that the hypotonically induced stiffening of
the membrane is enhanced after depolymerization of F-actin
suggests that an increase in hydrostatic pressure is partially
balanced by the cytoskeletal networks, possibly via a sponge
effect, described below.

With regard to the elastic modulus of the deeper cytoskel-
eton of HAECs as a result of cell swelling, earlier studies
showed mild softening in several cell types, including pri-
mary astrocytes and HEK cells (47) and stiffening in cortical
neurons (48). One possibility is that cell softening can be a
result of the perturbation of the cytoskeletal networks,
which may include a mild depolymerization of F-actin
and/or disruption of the cross-linking between the fibers
(reviewed by Pedersen et al. (49)). An alternative possibility,
proposed recently by Sachs and Sivaselvan (50), is that cell
softening during cell swelling may be a result of a sponge
effect. This hypothesis is based on previous studies
describing the cytoplasm as a poroelastic structure similar
to a soft, fluid-filled sponge, due to the cross-linked
filaments of the deeper cytoskeleton (51). We observed no
significant changes in the elastic moduli of the deeper cyto-
skeleton of aortic endothelial cells under either hypotonic or
hypertonic conditions used in our study, which is consistent
with an earlier study showing that osmotic challenge affects
the submembrane F-actin but not that of the deeper cyto-
skeleton (21).

Analysis of membrane tethers provides an additional in-
dependent method to characterize membrane biomechanics.
As tethers are pulled from cell membranes, the membrane
exerts a retractile force on the tether as the constituent lipids
of the tether are drawn back toward the membrane, creating
tension in the plane of the membrane (52). This in-plane
tension, along with the adhesion between the membrane
and cortical cytoskeleton, are combined into a single term
for membrane tension (Tm) because the two parameters
are inextricable from one another (9). The force required
to pull a tether (tether force, F) is a function of Tm and
can be defined as the simplified relationship in Eq. 2, previ-
ously proposed by Sheetz and Dai (52):

F ¼ 2pRTm þ p
B

R
; (2)

where R is the tether radius and B is the intrinsic membrane
bending stiffness, which resists the formation of tethers due
to the large changes in membrane curvature required to form
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these nanotubes (53). The membrane bending stiffness can
be estimated using the static tether force (Eq. 3) (34,54):

B ¼ FR

2p
; (3)

where the values of F and R are measured experimentally.
Previous studies estimated B values for lipid bilayers and
for the cellular membranes of red blood cells and neutro-
phils to be �10�19 N$m (54–56). Estimating membrane
bending stiffness from our measurements of tether force
yields values in a similar range; the tether forces measured
in our experiments are in the range of �40 pN, and
although we cannot measure the radii of the tethers, as dis-
cussed in the Materials and Methods, assuming the average
tether radii of 50–100 nm, similar to those reported in pre-
vious studies (57), yields B values of �3 � 10�19–6 �
10�19 N$m. The relationship between membrane bending
moduli estimated from membrane tethers and elastic moduli
estimated from the indentation force curves, however, is
complicated, presumably because of the different nature
of the measurements, which are sensitive to distinct compo-
nents of the membrane. Furthermore, measuring membrane
tether forces with and without disruption of the cytoskeleton
allows estimation of the contribution of the adhesion energy
between the membrane and the cytoskeleton. If we assume
that lat-A treatment results in the loss of membrane/cyto-
skeleton adhesion, then the adhesion energy (g) can be esti-
mated from

g ¼ F2 � F2
lat

8Bp2
; (4)

where Flat is the tether force in the absence of membrane/
cytoskeleton adhesion. Because we show here that there is
no difference in either F or Flat values between the isotonic
and hypotonic conditions, we can conclude that mild hypo-
tonic swelling does not change membrane/cytoskeleton
adhesion energy.

These observations are also consistent with a previous
study by Sinha et al. (8), who found that hypotonic swelling
did not increase membrane tension in endothelial cells unless
they were devoid of caveolin. This observation was inter-
preted as evidence that swelling of endothelial cells
resulted from unfolding of membrane reservoirs, so that an
increase in membrane tension was buffered by the presence
of caveolae. Similarly, Raucher and Sheetz (4), Dai et al.
(3,5), Groulx et al. (6), and Dai and Sheetz (9) showed that
only very small increases in membrane tension were
observed in neurons, fibroblasts, leukemia, and lung carci-
noma cells, which was also interpreted to indicate the exis-
tence of membrane folds and lipid reservoirs (e.g., blebs,
microvilli, caveolae) that control and buffer membrane
tension (58). It is also interesting to note that the range of
tether forces that we measured in this study in HAECs
(>40 pN) is relatively high compared to previous studies
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(20–30 pN) (32), which was proposed earlier to reflect
strong membrane/cytoskeletal adhesion (52). Our observa-
tions that neither tether force nor estimated adhesion energy
increase upon swelling, suggest that the membrane unfolds
together with the underlying cytoskeleton. Moreover, it is
important to note that, whereas it may seem counterintui-
tive that membrane unfolding does not require detachment
from the cytoskeleton, this is fully consistent with earlier
studies by Akinlaja and Sachs (59), who pointed out that
membrane bilayer lipids may flow freely through the cyto-
skeleton when external pressure is applied. Interestingly,
Sachs and colleagues also showed that exposing different
types of cells to hypotonic conditions result in a transient
decrease with a subsequent increase in the cytoskeletal ten-
sion, as assessed by FRET-based assay of a-actinin (42), a
major actin-binding protein (60), or actin (41). Thus, it
appears that changes in cytoskeletal tension do not neces-
sarily correspond to changes in membrane tension, as
assayed by membrane tethers.

In summary, in this study, we show that hypotonic swelling
of endothelial cells results in significant stiffening of the
membrane, which we suggest to be attributed to an increase
in hydrostatic pressure. Importantly, no change is observed in
membrane tether force/membrane tension upon osmotic
swelling. The implication of these findings is that activation
of swelling-sensitive ion channels and signaling pathways
might be initiated by an increase in cellular hydrostatic pres-
sure rather than increased membrane tension. This notion
would also be consistent with our earlier studies showing
that F-actin disruption enhances activation of volume-sensi-
tive anion channels (14). It is also important to note that
swelling-sensitive ion channels are known to be activated
by a decrease in cytoplasmic ionic strength that results
from water influx into the cells (61–64). Because both hydro-
static pressure and a change in ionic strength are expected to
be affected by increased swelling after disruption of the
cortical cytoskeleton, it is difficult to discriminate between
the contributions of these mechanisms to the activation of
the channels. Moreover, our conclusion that mild hypotonic
swelling does not necessarily result in increased membrane
tension has important implications on membrane biome-
chanics because it indicates that hypotonic swelling may
not be an appropriate approach to determine the role of mem-
brane tension in different mechanosensitive phenomena.
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