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Osmotic stress poses one of the most fundamental challenges to living cells. Particularly, the largely inextensible
plasma membrane of eukaryotic cells easily ruptures under in-plane tension calling for sophisticated strategies
to readily respond to osmotic stress. We describe how epithelial cells react and adapt mechanically to the
exposure to hypotonic and hypertonic solutions in the context of a confluent monolayer. Site-specific indenta-
tion experiments in conjunction with tether pulling on individual cells have been carried out with an atomic
force microscope to reveal spatio-temporal changes in membrane tension and surface area. We found that
cells compensate for an increase in lateral tension due to hypoosmotic stress by sacrificing excess of membrane
area stored in protrusions and invaginations such as microvilli and caveolae. At mild hypotonic conditions lat-
eral tension increases partly compensated by surface are regulation, i.e. the cell sacrifices some of its membrane
reservoirs. A loss of membrane–actin contacts occurs upon exposure to stronger hypotonic solutions giving rise
to a drop in lateral tension. Tension release recovers on longer time scales by an increasing endocytosis, which
efficiently removes excess membrane from the apical side to restore the initial pre-stress. Hypertonic solutions
lead to shrinkage of cells and collapse of the apical membrane onto the cortex. Exposure to distilled water leads
to stiffening of cells due to removal of excess surface area and tension increase due to elevated osmotic pressure
across the plasma membrane.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

The plasma membrane of cells is a highly dynamic and strongly
regulated two-dimensional liquid crystal. Many cellular processes
like endo- and exocytosis [1,2], cell migration [3], cell spreading
[4,5] and mitosis [6] are regulated by an intrinsic feature of the
plasma membrane, the membrane tension. The plasma membrane
tension encompasses the in-plane tension of the lipid bilayer, and
the membrane–cytoskeleton adhesion, which is actively controlled
by the contractile actomyosin cortex [7]. The intricate interplay be-
tween the plasmamembrane and its cortex enables cells to withstand
mechanical challenges posed by the environment. Considering that
membranes are thin and fragile structures sophisticated feedback
circuits are necessary based on tension homeostasis to maintain an
intact shell. Osmotic stress is a physiologically relevant mechanical
stimulus since animal cells have to sustain substantial fluctuations
in the osmolarity of external fluids, which produces considerable
pressure differences between the cytosol and the environment.
Osmotic pressure forces the cell to quickly adapt in order to avoid
damages of the largely inextensible plasma membrane. When cells
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are subjected to a hypoosmotic solution they increase their volume
due to influx of water and subsequently they extend their projected
surface area. Groulx et al. reported that animal cells can increase
their surface area by a factor of 3 and 10 times their volume
depending on the cell type [8]. As membranes cannot bear large
strains (3–4%), they require regulatory processes to maintain
the overall plasma membrane tension below lysis tension; more
precisely, tension driven surface area regulation is necessary to
accommodate changes in tension. Concretely, high tension is buffered
by an excess of membrane area, while a decrease in membrane area is
triggered if the tension lowers [9]. To provide sufficient membrane
area, cells store excess membrane in reservoirs like microvilli and
caveolae, which by virtue of unfolding can buffer membrane tension.
Kozera and coworkers showed that caveolae might act as membrane
reservoirs to compensate for an increase in membrane tension in-
duced by swelling [10]. So far, a comprehensive picture of membrane
homeostasis is lacking since it is difficult to measure surface area and
tension simultaneously to confirm the regulative relationship
between the two parameters. In this study, we use a unique combina-
tion of site-specific indentation followed by tether pulling to acquire
tension and excess area of the apical side of epithelial cells spatio-
temporally resolved. Polar epithelial cells as those from the intestine
or kidney are suitable candidates to study the impact of environmen-
tal physicochemical stimuli on changes in membrane tension since
they frequently face changes in the chemical potential. Here, we
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usedMadinDarby canine kidney cells (MDCK II) grown to confluence and
challenged by different osmotic solutions to investigate the mechanical
response of the plasma membrane with respect to tension-buffering
membrane reservoirs. Therefore, indentation experiments, analyzed
with an extended liquid droplet model for adherent cells, were carried
out with an atomic force microscope (AFM) to simultaneously assess
local changes in membrane tension and at the same time and location
to monitor the excess membrane area as a function of osmotic pressure.
The latter task is achieved by measuring the apparent area modulus of
the plasma membrane mirroring the amount of stored excess area. In
conjunction with membrane tether pulling experiments, as an indepen-
dentmechanical approach, wewere able to show how epithelial cells ad-
just their surface area in response to tension changes. Furthermore, we
monitored morphological changes due to cell swelling and shrinking
showing distinct alteration in tension buffering membrane reservoirs
such as microvilli. We found that MDCK II cells sacrifice their microvilli
to generate excess membrane readily consumed to accommodate rising
tension. Lysis of the plasma membrane is prevented by loosening mem-
brane–actin links and sacrificing membrane reservoirs. However, expo-
sure to distilled water exhausts all existing reservoir and consequently
leads to lysis. Long-term monitoring of tension and surface area reveals
that membrane tension largely recovers at the expense of membrane
area taken-up via an increased endocytosis rate.
2. Materials and methods

2.1. Cell culture

MDCK II cells, obtained from the Health Protection Agency, Salisbury,
UK, were maintained in minimal essential medium (MEM) with Earle's
salts and 2.2 g/L NaHCO3 (Biochrom, Berlin, Germany) supplemented
with 4 mM L-glutamine, penicillin–streptomycin and 10% FCS at 37 °C
in a 7.5% CO2 humidified incubator. Confluent cells were released with
trypsin/EDTA (0.5%/0.2%) (Biochrom, Berlin, Germany) and subcultured
weekly.
2.2. Cell labeling

Cells were grown in ibidi™ petri dishes (ibidi, Martinsried, Germany)
to confluency and treatedwithmild (200 mOsm), strong (80 mOsm)hy-
potonic and hypertonic (700 mOsm, 400 mM glucose) solutions for 0,
0.5, 2 and 6 h. Cells were fixed with 4% paraformadehyde PFA for
20 min. F-actin labeling was carried out with Alexa Fluor 546 phalloidin
or 488 (Invitrogen, Darmstadt, Germany, diluted as recommended by the
manufacturer, 5 μL methanolic stock solution with 200 μL PBS for each
coverslip). For ezrin labeling, cells were incubated with primary mono-
clonal antibody (4 μg/mL diluted in PBS) for 1 h at room temperature
and subsequently labeled with secondary Alexa Fluor 488-conjugated
goat-anti-mouse IgG1 antibody (BD Biosciences, Heidelberg, Germany)
for 45 min (4 μg/mL in PBS).
Table 1
Parameters for modeling indentation of a spherical cap with a conical indenter describ-
ing confluent MDCK II cells subjected to hypotonic stress.

Isotonic
300 mOsm

Hypotonic
200 mOm

Hypotonic
80 mOsm

Hypertonic
700 mOsm

ϕ0 [°] 20 23 30 17
R0 [μm] 35 30 26 28
2.3. Atomic force microscopy for imaging

AFM imaging was performed with a Nanowizard® II AFM (JPK
Instruments AG, Berlin) mounted on an Olympus IX 81 inverted
light microscope. Although AFM delivers images of unprecedented
resolution under physiological conditions, fixation of the plasma
membrane for high resolution imaging is inevitable due to membrane
flexibility and lateral mobility. Therefore, cells were fixated using 4%
glutaraldehyde in PBS for 20 min. Silicon nitride cantilevers (MLCT,
Bruker AFM Probes, Camarillo, USA) with a nominal spring constant
of 0.01 N m−1 were employed. Cells were imaged in PBS at room
temperature with a scan rate of 0.2 Hz and processed with JPK
Image Processing® software.
2.4. Atomic force microscopy for elasticity measurements

Force curves were taken continuously on a Nanowizard™ II AFM
(JPK Instruments AG, Berlin, Germany) while scanning laterally across
the sample referred to as force mapping [11,12]. MDCK II cells seeded
on Ibidi™ petri dishes (ibidi, Martinsried, Germany) and grown to
confluency were mounted in a PetriDishHeater® (JPK Instruments AG,
Berlin, Germany) set to 37 °C with HEPES buffered culture medium.
Force curves were processed by applying an extended liquid droplet
model first described by Sen et al. [13]. The contact angle of the spher-
ical cap measured by AFM imaging for an untreated cell was found to
be ϕ0=20°. For the radius of the cap we determined a value of 10 μm.
Force curves are recorded in constant force (setpoint 1 nN). Further pa-
rameters are listed in Tables 1 and 2.

2.5. Atomic force microscopy for probing tether forces

Prior to tether pulling, cantilevers (MLCT, Bruker AFM Probes,
Camerillo, USA) were plasma cleaned for 30 s (Argon) and incubated
with 2.5 mg/mL concanavalin A (Sigma Aldrich, Germany) in PBS for
1.5 h to establish a strong contact to the apical surface. Both approach
and retrace velocities were set to 2 μm/s. Tether forces were deter-
mined from force distance retrace curves (Fig. 4) and analyzed
using Eq. (2).

3. Results

3.1. Mechanical theory—the liquid droplet model

The liquid droplet model successfully describes the viscoelastic
behavior of neutrophils and leucocytes in micropipette aspiration ex-
periments [14]. These cells behave like liquid drops when suspended
and deform continuously inside a micropipette. Essentially, the model
envisions the cellular interior as a homogeneous viscous liquid
surrounded by a shell comprising the actomyosin cortex and the
plasma membrane both exhibiting a static tension. Contributions
from bending are neglected [15]. The model was successfully modi-
fied to describe the indentation of an AFM probe into an immobilized
cell by Rosenbluth et al. [16] and Sen et al. for single adherent cells
[13]. The model relies on the assumption that curvature and volume
remain conserved throughout indentation. Two sources of restoring
force occur, pre-stress or lateral tension in the membrane–cortex
and the finite area compressibility upon in-plane stretching of the
shell. The response to indentation originates almost exclusively
from lateral stretching of the membrane and work against the
existing pre-stress generated by the underlying cell cortex and the
boundary, i.e. the cell–cell contacts. Here, we adopt this model to
quantify the indentation of a conical indenter into a confluent cell
represented by a spherical cap. The spherical cap represents the api-
cal part of the cell in the context of a confluent cell layer. The model
essentially assumes a lateral tension T composed of a lateral tension
or pre-stress T0 governing the response to indentation at low penetra-
tion depth and non-linear in-plane stretching of the shell character-
ized by a 2-D Hookean term [13]:

T ¼ T0 þ K̃ A
ΔA
A0

ð1aÞ



Table 2
Parameters used for modeling MDCK II cells subjected to hypotonic stress (80 mOsm)
over a time period of 6 h.

1 h 2 h 3 h 4 h 5 h 6 h

ϕ0 [°] 30 30 30 25 25 25
R0 [μm] 26 26 26 38 38 38
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with

K̃ A ¼ KA
A0

A0 þ Aex
ð1bÞ

ΔA denotes the change in surface area related to the initial area of
the cell A0. The apparent area compressibility modulus K̃ A depends
on the excess membrane area Aex and the area compressibility modu-
lus of the plasma membrane KA usually around 0.1–0.4 N m−1.
Eq. (1b) implies that a large excess of surface area generates smaller
apparent area compressibility modules. The lateral tension T0
comprises the membrane's in-plane tension and contributions from
adhesion of the cytoskeleton to the inner leaflet.

A second approach to measure the lateral tension of the plasma
membrane comprises the extraction of membrane nanotubes also
referred as membrane tethers from the apical plasma membrane.
Tether formation is characterized by a force plateau followed by a
sudden release of force due to tether rupture. This step is called the
tether force Ftether. During tether formation additional membrane
material from preexisting reservoirs is flowing into the growing
tether. The force on the tether is directly connected to the in-plane
tension Ttether and bending rigidity k of the membrane [17–20]:

Ftether ¼ 2π
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2κT tether

p
ð2Þ

In indentation experiments cortical tension and membrane
tension are not discernable, while tether pulling reports only on
membrane tension. If both values match, neither cortical tension
nor bending contributes to the elastic response of the cell. Therefore,
if T0 from indentation experiments matches the tension from tether
pulling (Eq. (2)) it is safe to assume that the liquid droplet model ap-
plies to the cell type under investigation. While we found good accor-
dance between the tension measured by indentation and tether
pulling for MDCK II cells only poor correlation was observed for fibro-
blasts (data not shown).

3.2. Morphological changes of epithelial cell exposed to osmotic stress

The prerequisite of developing a comprehensive mechanical
model that explains the interplay of membrane tension and surface
area regulation was to examine the impact of osmotic stress on the
morphology of the epithelial cell line MDCK II. Therefore, we
challenged confluent cells for 30 min with solutions of different
osmolarity and investigated the overall morphological response of
the apical surface by recording images with an atomic force micro-
scope. The topographical images provide information about rough-
ness of the plasma membrane, height and diameter of the cell, and
presence of protrusions such as microvilli. Under isoosmolar condi-
tions we found well-established microvilli and the visible cell shape
resembles a spherical cap with a height of 1 μm and radius of 10 μm
(median), respectively (Fig. 1A, E, I, and J). Under mild hypotonic
stress (200 mOsm) the cell size increases but the plasma membrane
surface still displays microvillar structure (Fig. 1B and F) from
which we conclude that the membrane is still attached to the cortex.
While the radius of the cells is conserved, the height of the spherical
cap increases from 1 to 1.7 μm (median) demonstrating a swelling of
the cell. The most prominent change in surface structure and cell
height is visible for cells challenged with a strong hypotonic solution
(80 mOsm) (Fig. 1C). Microvilli are largely removed generating a
smooth membrane surface (Fig. 1C and G). The height of the highly
stressed cells increases up to 2.8 μm (height of the spherical cap)
(Fig. 1I). We also investigated the impact of hypertonic stress on
cellular morphology. Although the topographical image shows no
significant impact of the treatment (Fig. 1H), we observe changes in
cell height and cell radius (Fig. 1D). While hypoosmotic stress leads
to cell swelling, the inverse treatment leads to shrinkage of cells to
a height of merely 0.6 μm and a radius of 7 μm (median) (Fig. 1I
and J). Analyzing the cellular shape and surface structure after appli-
cation of osmotic stress enables us to collect important geometrical
input parameters for our mechanical model (vide infra) (Fig. 1K).

A spherical cap essentially captures the general shape of the apical
part of cells in a confluent monolayer in the most simplistic way. The
cap is characterized by a contact angle and radius at the base (or
alternatively the height of the cap), which are crucial and sufficient
to describe the shape of the cell upon indentation according to the
liquid droplet theory of Sen et al. [13] (vide supra).

3.3. Mechanical response to hypoosmotic stress

Cells swell under hypoosmotic conditions and thereby deform and
generate hydrostatic pressure against the plasma membrane. We
investigated this effect by indentation as well tether pulling experi-
ments using force microscopy carried out with an AFM. Indentation
experiments yielding force distance curves (Fig. 2A) provide access
to mechanical parameters like the apparent area compressibility
modulus K̃ A, which reflects changes in effective membrane area
(Eq. (1b)), and the lateral membrane tension (pre-stress) T0. The
area compressibility modulus relates to κ, the bending modulus
(KA∝κd−2) of the membrane–cortex composite and EY, the Young's
modulus KA∝EY d of the cortex (d denotes the thickness of the
shell). Force distance curves taken on osmotically stressed cells dis-
play a substantial change in the slope (Fig. 2A). While a mild
hypoosmotic solution (200 mOsm) shows almost no change in the
shape of the approach curve, a lowering of the external osmolarity
to 80 mOsm leads to a larger indentation depth at constant force,
clearly indicative of a softening of the cells assembly mirrored in
reduced values for T0 and K̃ A. In fact, exposing cells to a strong hypo-
tonic solution (80 mOsm) results in the same degree of cell softening
as obtained from experiments where the F-actin cytoskeleton is
destroyed by administration of cytochalasin D. This suggests that
during hypoosmotic stress the deformation and outward bulging of
the plasma membrane induced by the large internal pressure could
lead to a reorganization of destruction of the cytoskeleton in response
to the external force [21]. In consequence, the cytoskeletal contribu-
tion to membrane tension is diminished.

The mechanical parameters obtained from the indentation exper-
iments under mild hypoosmotic stress display, however, a significant
increase in tension T0 ((0.35±0.1) mN m−1, median; isotonic
(0.29±0.09) mN m−1, median) and area compressibility modulus
K̃ A ((0.06±0.09) N m−1, median; isotonic (0.03±0.08) N m−1)
compared to isotonic conditions. The reduction in excess membrane
area, mirrored in an increase of K̃ A (according Eq. (1b)), is attributed
to cell swelling smoothing out membrane reservoir [10]. Cell swelling
exerts a pressure differences across the plasma membrane and
inevitably increases the membrane's in-plane tension according to
Laplace's law. A rise in tension implies that the cell is not able to
quickly respond by providing excess area stored in protrusions and
invaginations of the plasma membrane to counterbalance the rising
tension since the increased cell volume diminishes this excess
membrane.

In order to obtain a more comprehensive picture of the destructive
nature of strong hypoosmotic stress we also investigated the struc-
tural changes of the F-actin cytoskeleton by fluorescence staining.
Fig. 3 shows how the F-actin rearranges as a function of osmolarity.



Fig. 1. Morphological changes of confluentMDCK II cells after exposure to osmotic stress. (A–D) 3D-height images of confluentMDCK II cells treatedwith different osmotic solutions. (A)
Isotonic. (B) 200 mOsm. (C) 80 mOsm. (D) 700 mOsm. Height of the box is 5 μm, box length andwidth are 50 μm. (E–H) AFMdeflection images to visualizemembrane protrusions, scale
bar is 10 μm. (E) Untreated cell (300 mOsm). (F) 200 mOsm. (G) 80 mOsm. (H) 700 mOsm. (I) Cell height. (J) Cell radius, extracted from AFM height images, at least n=10 cells. (K)
Schematic drawing of spherical caps that emerge from the cell monolayer beyond the cell–cell contacts to illustrate change in cell size as a result of osmotic treatment.

Fig. 2. Indentation experiments revealing mechanical information of hypoosmotically stressed confluent MDCK II cells. (A) Representative force distance traces taken on treated
cells. Trace curve is fitted with a modified liquid droplet model for indentation experiments to provide estimates of the apparent area compressibility module K̃ A and tension
(pre-stress) T0. (B) Apparent area compressibility modulus K̃ A , reflecting the changes in membrane area as a function of osmolarity. (C) Changes in membrane tension T0 by altering
the osmotic stress or F-actin integrity by cytochalasin D (** corresponds to pb10−2; *** to pb10−3, two-tailed Wilcoxon rank sum test).
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Fig. 3. Histogram of tether forces obtained from retrace curves of a force cycle recorded on MDCK II cells exposed to different osmotic stress with corresponding fluorescence mi-
crographs of MDCK II cells. (A) Histogram of tether forces of untreated cells (isotonic, 300 mOsm). A1 shows apical part of the cell, A2 the corresponding basolateral part.
(B) 200 mOsm. (C) 80 mOsm. (D) Cells treated with cytochalasin D destabilizing F-actin. Scale bar is 20 μm.
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The fluorescence micrographs display no change in the structure of
the cortical F-actin at the apical part of the cells after treatment
with mild hypotonic solution (Fig. 3B1). In the basolateral region,
however, an alteration in the formation of stress fibers is observed
(Fig. 3B2). Comparing with an untreated sample, the structure of
the stress fibers is less pronounced.

Indentation experiments are supported by tether pulling experi-
ments taken on the same spot. Tether formation provides and inde-
pendent means to access membrane's in-plane tension without
interference from cell shape changes and mechanical response to
the cytoskeleton except for its adhesive properties. Therefore, we
functionalized AFM tips with concanavalin A providing enough
non-specific adhesion to extract membrane nanotubes from the api-
cal membrane. From the force plateau (Ftether) of a fully established
membrane nanotube, we calculate the membrane tension Ttether
according to [20,22] (Fig. 4A).

Membrane tension contains contribution from membrane–
cytoskeleton adhesion as well as tension in the bilayer itself [22]. In
general, tension values obtained from tether pulling are very similar
Fig. 4. (A) Retrace curve displays tether formation obtained from a force cycle. (B) Membra
Ttether we chose a bending module κ of 10−19 J representing fluid lipid bilayer. Viscous con
to those assessed by indentation experiments largely confirming the
assumed liquid droplet model to describe indentation experiments.
Interestingly, however, mild hypotonic conditions produce a decrease
in membrane tension Ttether determined from tether pulling in con-
trast to the tension T0 obtained from indentation experiments (Ttether
(200 mOsm)=0.17±0.11 mN m−1, median; Ttether (isotonic)=
0.25±0.13 mN m−1, median). A possible explanation is the outward
directed osmotic pressure that would facilitate tether pulling but ag-
gravate indentation. Increasing the swelling process by using a strong
hypoosmotic solution leads to a change in the apparent area com-
pressibility modulus, in particular the loss of the higher values,
which are attributed to regions on the cell surface with direct connec-
tion to the underlying cytoskeleton (Fig. 2B). At the same time,
membrane tension T0 decreases to a value of 0.17±0.05 mN m−1

(median) (Fig. 2C). Although the cells increase their volume by swell-
ing this leads to a softening of the cells mainly due to removal of
adhesion between the cortex and the inner leaflet. The F-actin
cytoskeleton shows a dramatic reorganization by strong osmotic
challenge (80 mOsm). In the apical region, no microvilli or cortical
ne tension Ttether calculated from tether pulling experiments (Eq. (2)). For computing
tributions to the tether force (~7 pN) are neglected as a first approximation [39,40].

image of Fig.�3
image of Fig.�4


Fig. 5. Mechanical changes resulting from prolonged incubation in hypoosmotic solution. (A) Apparent area compressibility modulus measured at different time points. (B) Mem-
brane tension obtained from indentation experiments. (C) Lorenz–Fits of tether force histograms as a function of time. (D) Membrane tension Ttether calculated from tether pulling
experiments (Eq. (2)).
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structures are visible in the fluorescence micrographs. Stress fibers
are completely degraded (Fig. 3). Concomitantly tether forces are
shifted to lower values (Fig. 3), resulting from a decreased membrane
tension (0.14±0.12 mN m−1, Fig. 4B). A similar disassembly of the
cortical cytoskeleton and stress fibers can be achieved by treating
the cell with cytochalasin D. From the fluorescence micrograph
shown in Fig. 3D1 and D2 the reorganization of the actin cytoskeleton
after administration of cytochalasin D is visible. In the apical part of
the cell the cortical actin is severed and condensed into small cluster.
Additionally, the basal region is devoid of stress fibers [23]. This leads
to a decreased membrane tension, measured by indentation and
tether pulling (Fig. 2C, 3, and 4).

We found that destruction of the F-actin cytoskeleton with a drug
such as cytochalasin D displays a similar change of the relevant me-
chanical parameters such as tension and area compressibility as
hypoosmotic stress, although the cells are increasing their volume
due to swelling. This leads us to the assumption that the cell responds
to membrane deformation and increased membrane tension induced
by osmotic swelling due to hypoosmotic stress by disassembly of the
cytoskeleton to release tension. The accompanying release of tension
prevents plasma membrane lysis, which would inevitably destroy the
cell.

3.4. Cells regulate membrane tension/area during prolonged
hypoosmotic challenge

So far, we could show that plasma membrane tension drops in
response to strong hypoosmotic stress and propose that the accompa-
nying deformation of the membrane, a result from cell swelling, re-
models up the F-actin cytoskeleton to release tension that prevents
lysis of the membrane [2]. The question arises, how the cells will
respond to the altered environmental conditions on longer time
scales. Will the cell faster endocytosis to compensate for the drop in
membrane tension to restore its initial value? No active surface regu-
lation was observed in the above-described experiments lasting only
Table 3
Mechanical parameters obtained from prolonged incubation in hypoosmotic solution. Valu
deviation.

Incubation time [h] 0 0.5 1 2

KA [N m−1] 0.03±0.08 0.03±0.06 0.11±0.06 0.08
T0 [mN m−1] 0.29±0.09 0.17±0.06 0.13±0.04 0.12
Ttether [mN m−1] 0.25±0.13 0.14±0.12 0.11±0.1 0.13
30 min. Therefore, we extended the observation period considerably
allowing us to investigate the mechanical properties of a confluent
MDCK II monolayer during strong hypoosmotic stress over more
than 6 h (Fig. 5). Mechanical experiments were continuously carried
out to document the changes in tension and surface area during this
time period. The apparent area compressibility modulus K̃ A, reflecting
the change inmembrane area, increases continuously within this obser-
vation time from 0.03±0.08 N m−1 (median) up to 0.15±0.07 N m−1

(median) (Fig. 5A) indicative of loss of membrane material.
For untreated cells the K̃ A value reflects a membrane folding factor

of 6 assuming an area compressibility modulus of 0.17 N m−1 for the
plasma membrane. Such a value is typical for lipid bilayers emphasiz-
ing the inextensibility of the membrane [24]. Therefore, we can
conclude that virtually no excess area remains after 6 h of exposure
to hypoosmotic stress. During initial swelling the apparent area com-
pressibility modulus is not affected (0.5 h K̃ A, 0.03±0.06 N m−1

(median)), while membrane tension (T0 and Ttether) decreases, indicat-
ing a change in the cytoskeleton architecture. After 1 h of incubation
time, the cells start to regulate the membrane area, i.e. remove excess
area (Fig. 5A) (Table 3). We found a higher endocytosis rate as a re-
sponse to 2 h of strong hypoosmotic stress (Fig. 6), i.e. a larger number
of vesicles accumulating in the cytosol. At this time point, recovery of
membrane tension estimated from tether pulling experiments has
completed (Fig. 5D) (Table 3). As shown in Fig. 5C, during 6 h of incu-
bation, tether forces shifted to higher values comparable to values
obtained from untreated cells (Fig. 3A). It should be noted that both
values K̃ A and Ttether increase indicating a plasma membrane regulato-
ry effect. While the tension Ttether from tether pulling experiments
largely recovers to its initial values, tension obtained from indentation
experiments T0 show only a moderate recovery to values of about
0.18±0.06 mN m−1. Notably, the tether force mainly comprises
contributions from membrane adhesion to the cytoskeleton, while
the value of T0 might also include other elastic contributions from the
membrane–cortex composite and is more strongly affected by the cell's
shape. Tension can generally be actively increased by establishing a
es represent the median obtained from box plots in Fig. 6 and the median's absolute

3 4 5 6

±0.02 0.06±0.06 0.11±0.11 0.12±0.07 0.15±0.07
±0.06 0.14±0.06 0.17±0.05 0.14±0.06 0.18±0.06
±0.09 0.18±0.09 0.2±0.13 0.29±0.13 0.32±0.15

image of Fig.�5


Fig. 6.Micrograph of confluent MDCK II cells challenged with a strong hypoosmotic so-
lution (80 mOsm) for 2 h. F-actin is labeled in green (Alexa Fluor 488). Scale bar
10 μm.

Fig. 7. Fluorescence micrographs of confluent MDCK II cells exposed for 0 h (A), 2 h
(B) and 6 h (C) to strong hypoosmotic solution (80 mOsm). Microfilament–membrane
anchor protein ezrin is labeled in green (Alexa Fluor 488), F-actin in red (Alexa Fluor
546). Scale bar is 20 μm.
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larger number of molecular-anchors to the underlying cortex. To exam-
ine whether this takes place, we fluorescently labeled ezrin, a member
of the ERM family that is known to connect F-actin to the apical plasma
membrane. Structural organization and stabilization of the plasma
membrane protrusions relies heavily on protein linkers such as ezrin
connecting the cellular membrane via PIP2 to microfilaments [25,26].

We observe a change in the ezrin and F-actin distribution during
prolonged exposure to hypoosmotic stress (Fig. 7). After 2 h of incu-
bation the density and distribution of the protein ezrin is decreased in
the apical region (Fig. 7B1). Concomitantly, the cortical F-actin struc-
ture is altered. In the lower part of the cell, in which the isotonic sam-
ple exhibits stress fibers (Fig. 7A4), the hypoosmotically stressed cell
displays a disassembled F-actin structure. This situation remains
unchanged during the following 6 h of observation time (Fig. 7C4),
where the basal F-actin structure is indistinguishable from the one
after 2 h. However, the apical structure (ezrin and F-actin distribu-
tion) shows a similar composition as the isotonic control cells after
6 h. This is in good accordance with our mechanical experiments
that also show a recovery of tension with time. After 6 h the tension
is largely restored and the same number of ezrin mediated F-actin-
membrane contacts reached. Taken together, the apical membrane–
cortex structure reforms under stress, while the basolateral side
does not recover.

This finding provides a possible explanation the different values of
membrane tension obtained from indentation (T0) and tether pulling
(Ttether). While tension estimated from tethers (Ttether) draws its
value mainly from membrane–cytoskeleton adhesion and therefore
increases over time, tension obtained from indentation (T0) also com-
prises elastic contributions from the whole cell and requires an intact
cortex shell, which is still not fully restored after 6 h exposure to
hypoosmotic stress.

In summary, strong hypoosmotic stress lasting for 30 min leads to
a swelling of the MDCK II cells accompanied by a decrease in mem-
brane tension (T0 and Ttether) and a dramatic alteration of the
F-actin structure. Longer treatment of MDCK II cells (6 h) shows a
stepwise increase in the apparent area compressibility modulus and
larger amount of membrane–actin contacts to restore membrane
tension prior to the stimulus.

3.5. Hyperosmotic shock: From liquid droplet to a drum like geometry

So far, we dealt with the mechanical response of cells within a
confluent monolayer to exposure to hypotononic solutions. But
what happens, if the cell experiences hypertonic stress? Will the ex-
cess supply of membrane area lead to a sudden drop in tension? We
described the morphological changes during a hypertonic shock in
Fig. 1. In essence, we found that the cells shrink in height and diame-
ter. This extreme shape change towards a more two dimensional
drum-like apical side has an important impact on the determination
of mechanical parameters obtained from indentation as well as tether
pulling experiments. In Fig. 2 we display force distance traces taken
on osmotically challenged cells. Cells stressed with hyperosmotic so-
lution show the steepest slope indicating a rigid or even solid-like
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Fig. 8. (A) Histograms of tether forces obtained from experiments of hypertonically (700 mOsm) challenged cells compared to a control (308 mOsm). Fluorescence micrographs of
F-actin labeled MDCK II cells treated with isotonic (A1: apical, A2: basal) and hypertonic (B1: apical, B2: basal) solution for 30 min. Scale bar is 20 μm. (C) Membrane tension, Ttether,
estimated from tether pulling experiments according to Eq. (2).

719A. Pietuch et al. / Biochimica et Biophysica Acta 1833 (2013) 712–722
appearance. Concomitantly, tether forces are shifted to higher values
compared to control cells (Fig. 8B). Estimating membrane tension
according Eq. (2) from tether forces we found an increase from
0.25±0.13 mN m−1 (median, isotonic) to 0.36±0.13 mN m−1 (me-
dian, hypertonic) (Fig. 8C). Because of the extreme shrinkage of the
cell by a factor of almost 2 (Fig. 1), the cells can no longer be regarded
as a liquid droplet in spherical cap geometry. Assuming a drum-like
architecture, which is essentially described by a 2-D planar circular
membrane indented in the center by a point load force, we can
apply the following Eq. (3) derived by Komaragir et al. [27,28] to an-
alyze the force-indentation curves.

F hð Þ ¼ π T0hþ πKA

3R2 h
3 ð3Þ

The first term is linear in penetration depth h and dominated by
pre-stress (tension) T0 in the membrane. The second term captures
lateral stretching of the membrane and solely depends on the
membrane's area compressibility modulus KA. The radius of the circu-
lar membrane framed by the tight junctions of the adjacent cells is
denoted by R.

The values for K̃ A obtained from fitting the parameters of Eq. (2)
to the force indentation curves increase upon exposure to
hyperosmotic stress indicative of reduction of surface area, while T0
decreases (Table 4).

Importantly, this implies that the substantial changes in the force
indentation curve are mainly due to changes in cell morphology, i.e.
geometry and not so much due to changes in elastic properties. This
finding is corroborated by tether pulling experiments. In tether
pulling experiments, the distribution of tension values only slightly
shifts to higher values upon exposure to hypertonic solutions. The
following scenario is conceivable. Tension of the bilayer drops due
to osmotic pressure changes and the membrane collapses on the cy-
toskeleton. In turn, excess membrane area is removed by endocytosis
and tension largely restored since the remaining osmotic pressure
forces the membrane onto the cortex producing larger tether forces
due to the additional pressure difference.
Table 4
Mechanical parameters obtained from hypertonic stress on confluent MDCK II cells.

KA Eq. (2)
[N m−1]

Radius
[μm]

T0 Eq. (2)
[mN m−1]

Ttether
[mN m−1]

Hypertonic 0.29±0.21 7.7±1.35 0.11±0.09 0.35±0.17
3.6. Cellular response to distilled water

The strongest hypotonic stress is exerted to the cells by exposing
them to distilled water (1 mOsm). This treatment leads to an extreme
volume increase and eventually to cell lysis (Fig. 9B, white arrow)
upon exposure to distilled water for longer than 30 min or applica-
tion of external force exerted by an indenter (AFM tip).

This osmotically enforced membrane area increase cannot be bal-
anced by surface area regulation. Inevitably, this treatment leads to
membrane lysis. Force distance curves recorded on these tremen-
dously swollen cells display a substantially steeper slope compared
to untreated cells (Fig. 9C). The cytosolic pressure acting on the mem-
brane results in a very high tension inside the bilayer, which cannot
be buffered by reservoirs since they are exhausted due to the sudden
volume increase. In order to place these experiments in a mechanical
context, a Hertzian contact model is used [29–33]. The Young-
modulus of MDCK II cells exposed to distilled water yield elevated
values of E=30 kPa±17 kPa. This is an increase in cell elasticity by
a factor of 5 compared to untreated cells [21,30]. The attempt to
pull out membrane nanotubes of the plasma membrane of MDCK II
cells exposed to distilled water fails since reservoirs are exhausted.

4. Discussion

Here, we investigated the impact of osmotic stress on the mechan-
ical properties of the kidney epithelial cell line MDCK II with the AFM
in a spatial–temporal fashion. Confluent monolayers were chosen to
mimic tissue behavior in contrast to single isolated cells. We first
examined the morphological changes due to hypoosmotic stress by
analyzing AFM height images. We observed an increase in cell height,
while the diameter of the apical caps was preserved. The cell surface
is increased at mild hypotonic treatment by a factor of 1.7 and at
strong hypotonic stress by a factor of 2.7. This is in accordance with
observations from Groulx and coworkers who found a 3.6-fold in-
crease in surface area for mammalian cells 98% hypoosmotic solution
[8]. As the plasma membrane is largely inextensible and cannot bear
large strains due to its liquid-crystalline nature, limiting critical area
dilatation to 3–4% [9], changes in surface area require a rapid re-
sponse to maintain constant membrane tension in order avoid lysis.
Cells increase their surface to avoid lysis due to volume increase by
drawing additional membrane from preexisting reservoirs [10],
which is visible in the AFM-topographical images. Upon exposure to
strong hypotonic solution the cell surface is smoothened out since
membrane protrusions like microvilli disappear during cell swelling.
Sukhorukov et al. could show by impedance measurements that
hypo-osmotically stressed cells obtain the necessary membrane area
by using material from microvilli [34]. This membrane deformation
has a detectable impact on the cellular mechanics. By performing
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Fig. 9. Phase contrast micrographs of MDCK II cells before (A) and after exposure to distilled water (B). The white arrow in right corner of image B indicates a ruptured cell. Scale bar
20 μm. (C) Force indentation curves recorded on MDCK II cells after different treatments. ( ) Green dots display mechanical response of untreated cells to indentation. (●) Black
dots cells during exposure to distilled water. ( ) blue dots mark cells exposed to distilled water after repetitive indentation. Occasionally cell lysis of the stressed cells occurs.
(D) Young-modulus of cells treated with very low osmolarity (distilled water) (n=5 cells).
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indentation and tether pulling experiments we were able to show
how cells respond to swelling or shrinking to maintain cell integrity
and avoid lysis. A mild hypotonic stress leads to an increase in mem-
brane tension because of the additional pressure difference acting
against the membrane. The apparent area compressibility modulus
also increases upon exposure to hypotonic solution reflecting a
2-fold loss of excess membrane. This mild effect changes if the cells
are subjected to stronger hypotonic stress. We observe a reorganiza-
tion of the F-actin cytoskeleton, allowing the tension to relax. The
phenotype resembles cells treated with cytochalasin D also producing
the same mechanical properties. Guilak and coworkers could also de-
tect a decrease in the elastic module and F-actin distribution of
chondrocytes by hypoosmotic challenge [21,35,36]. The remodeling
of the cytoskeleton leads to a tension decrease and concomitantly to
additional membrane area released from bound membrane reservoirs
such as microvilli. This scenario is confirmed by the fact that the
apparent area compressibility modulus decreases considerably in
response to strong hypotonic treatment. We interpret this sudden re-
lease of membrane material as a first line response to protect the cells
from lysis due to swelling (Fig. 10). The restoration of cell size under
continuous hypotonic stress is known as regulatory volume decrease
(RVD) [37]. During the experimental duration (30 min) we detect no
such regulatory effect. As a consequence, the cell requires a fast re-
sponse system to cope with mild to moderate changes in osmotic
Fig. 10. Schematic illustration of osmotic challenged MDCK II cells. (A) Cell shrinkage due to
conditions exhibiting membrane reservoirs and an intact underlying cortex. (C) Cell swellin
conditions) rupturing the cortex.
pressure. The question was now, whether the cells adapt to the situ-
ation by restoring some of the lost contacts between the membrane
and the cytoskeleton and as a consequence regain the original mem-
brane tension prior to exposure to hypoosmotic solutions. Therefore,
we extended the exposure time to hypotonic solutions to more than
6 h and found that the cell indeed largely restores its initial tension
prior to exposure to hypertonic solutions. The accompanying increase
in the apparent area compressibility modulus reflects how the cells
accomplishes this task, namely by a reduction in surface area that is
necessary to restore the tension. This picture is confirmed by fluores-
cence micrographs displaying enhanced endocytosis. The apparent
area compressibility modules measured 6 h after exposure to hypo-
tonic solutions are virtually identical to those that measured for
neat lipid bilayer lacking membrane reservoirs. A stronger adhesion
to the cortex can be clearly inferred from tether pulling experiments
producing stronger tether forces with time, while fluorescence mi-
croscopy shows an increasing amount of ezrin and actin at the apical
side. This means that the cells have sacrificed a large portion of the
excess surface stored in protrusions and invaginations to restore the
original tension. Probably this is at the upper limit for osmotic stress
cell can bear without damage. Interestingly, the basal side of the
polar epithelia seems to be less prone to remodeling of the actin cyto-
skeleton (lack of stress fibers), which suggests that the process of
adaption has not been finished yet.
hyperosmotic stress acting outwards on the plasma membrane. (B) Cells under isotonic
g due to osmotic pressure acting against the internal plasma membrane (hypoosmotic
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In contrast to hypotonic stress, hyperosmolar stress merely leads
to collapsing of the membrane onto the actin cortex (Fig. 10). As a
consequence, the cell morphology changes tremendously, which im-
pacts the appearance of force indentation curves severely. The cells
appear now much stiffer, which is mainly a product of the switch in
topography rather than a sudden increase in stiffness. By accounting
for the changed geometry we arrive at reasonable values for the
area compressibility modulus and tension that deviate only slightly
from those of untreated cells. Tension values derived from tether ex-
periments are less compromised by other elastic contributions and
report that tension slightly increases. Tension derived from indenta-
tion might also comprise elastic contributions from bending.

Exposing confluent MDCK II cells to very low osmolarity (1 mOsm,
distilled water) generates a tremendous volume change [8,38]. The
high cytosolic pressure of the cytosol bends the plasma membrane
and produces considerable tension inside the bilayer according to
Laplace's law that might be close to lysis tension [10]. Consequently,
also tether pulling experiments fail, since the formation of tethers re-
quire the existence of membrane reservoirs that have been exhausted
during swelling. Additional external stress exerted on osmotically swol-
len MDCK II cells by indentation frequently leads to lysis. In conclusion,
the experiments can be cast into a conclusive model that explains qual-
itatively as well as quantitatively the response of confluent epithelial
cells to osmotic stress by sacrificing existing membrane reservoirs.

5. Conclusions

In summary, we could show that cells in the context of confluent
monolayers adapt to hypoosmotic challenges in two ways. One quick,
purely physical response is found relying entirely on the available
membrane surface reservoirs and dissolution of the cytoskeleton
preventing lysis of the plasma membrane and a second long-term re-
sponse involving remodeling of the cytoskeleton-membrane junction
and increased endocytosis to regain the initial tension by reestablishing
connections to the plasma membrane. The scenario of hypoosmotic
challenges can therefore be envisioned as follows: under isotonic con-
ditions the (isotropic) tension of the plasma membrane is produced by
molecular contacts between the actin cytoskeleton and the membrane.
The apparent area compressibility modulus, which describes the
membrane's resistance to in-plane stretching, mirrors excess area
stored in protrusions and invaginations. Mild hypotonic conditions do
not visibly affect the integrity of the cortex and, as consequence, do
not disconnect themembrane from the cytoskeleton. As a consequence,
the apparent area compressibility modulus increases to respond to the
increase in tension due to swelling. The resulting change in volume
compensates for the increased osmotic pressure. Tether pulling experi-
ments reveal a drop in tension thatwe attribute predominately to a loss
in actin-membrane contacts. Indentation experiments, however, show
an increase in tension that is probably due to the additional osmotic
pressure resisting indentation. The opposite is found for application of
hypertonic stress. Tether forces increase due to inward osmotic pres-
sure, while the tension inferred from indentation experiments is lower.

Strong hypoosmotic stress eventually leads to disintegration of the
cortex and lift-off of the plasma membrane. Concomitantly, the appar-
ent area compressibility modulus decreases indicative of allocation of
excess membrane area. The loss of membrane–actin contact leads to
strong swelling of the cell body and, as a consequence, tension drops
since the cortex no longer supports the plasma membrane. However,
the process is reversible and over time cortical tension is reestablished
while excess membrane area is consumed by increased endocytosis.
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