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ABSTRACT The therapeutic efficacy of mesenchymal stem cells (MSCs) in tissue engineering and regenerative medicine is
determined by their unique biological, mechanical, and physicochemical characteristics, which are yet to be fully explored. Cell
membranemechanics, for example, has been shown to critically influenceMSC differentiation. In this study, we used laser optical
tweezers tomeasure themembranemechanics of humanMSCs and terminally differentiated fibroblasts by extracting tethers from
the outer cell membrane. The average tether lengths were 10.6 6 1.1 mm (hMSC) and 3.0 6 0.5 mm (fibroblasts). The tether
extraction force did not increase during tether formation, which suggests existence of a membrane reservoir intended to buffer
membrane tension fluctuations. Cytoskeleton disruption resulted in a fourfold tether length increase in fibroblasts but had no effect
in hMSCs, indicating weak association between the cell membrane and hMSCactin cytoskeleton. Cholesterol depletion, known to
decrease lipid bilayer stiffness, caused an increase in the tether length both in fibroblasts and hMSCs, as does the treatment of
cells with DMSO. We postulate that whereas fibroblasts use both the membrane rigidity and membrane-cytoskeleton association
to regulate their membrane reservoir, hMSC cytoskeleton has only a minor impact on stem cell membrane mechanics.

INTRODUCTION

The mesenchymal stem cells (MSCs) isolated from adult

bone marrow are able to differentiate into multiple lineages of

connective tissue including bone, cartilage, tendon, fat, and

muscle (1,2).When treated with appropriate growth factors in

vitro, multipotent MSCs can be induced to differentiate into

osteoblasts, adipocytes, and chondrocytes (3). The vast thera-

peutic potential of MSCs for treatment of diseases has been

recognized. However, the complexity of events associated

with transformation of these precursor cells leaves many un-

answered questions about morphological, structural, proteo-

mic, and functional changes in stem cells. The knowledge of

MSC behavior would allowmore effective approaches to cell

expansion in vitro and regulation of their commitment to a

specific phenotype. As reported by many authors, stem cells

have quite unique structural, mechanical, and biochemical

properties, which are quite different from those of fully dif-

ferentiated cells (4). Mechanical properties such as cytoskel-

eton organization and elasticity, membrane tension, cell

shape, and adhesion strength may play an important role in

cell fate and differentiation (5,6). For example, dynamic

arrangement of the actin network is critical in supporting the

osteogenic differentiation of human MSCs (7). In addition,

cell shape was shown to regulate MSC commitment to

adipogenic or osteogenic lineage via cytoskeletal tension and

endogenous Rho GTPase activity (8). These studies demon-

strate the importance ofmechanical characteristics of the cells

for engineering of tissues in vitro from isolated stem cells.

Cell plasmamembrane plays an important role inmany cell

functions including, just to name a few, proliferation, dif-

ferentiation, and mitosis (9,10). It is an active and dynamic

structure with numerous control mechanisms such as mem-

brane tension and surface area regulation by membrane

turnover (11). Most cells use endomembrane to continually

add or delete the plasma membrane to maintain surface area

homeostasis. Membrane tension is both a sensor and an

effector in this process so that the membrane responds to

changing mechanical stress with altered surface area. Regu-

lation of the membrane surface area should be distinguished

from the cell volume regulation, because the cell surface

presented by a lipid bilayer is not just the outer limit of a cell

volume but a topologically and biophysically distinct entity

(12). Local and integral membrane tension is also believed to

control membrane traffic, membrane-cytoskeleton attach-

ment, endocytosis rate, cell adhesion, and motility (13–15).

Due to this strong involvement of the membrane in many

important cell functions, it is likely that mechanical charac-

teristics of the membrane are also crucial for stem cell dif-

ferentiation.

Detailed characterization of the membrane mechanics in

mammalian cells is a challenging task due to the complex

membrane structure, regulation mechanisms, and its inter-

action with intracellular components. Unlike simple bilayers

in model lipid vesicles, cell membranes are coupled to the

cell cytoskeleton and extracellular environment via molec-

ular interactions including lipid-protein bonds, transmem-

brane protein linkage to cytoskeleton, and the extracellular

matrix (16–19). These interactions result in more complex

membrane responses to any changes in intracellular metab-

olism, cell microenvironment, and external stimuli. For ex-

ample, cells maintain a constant membrane tension under
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normal conditions, and even large osmotic swelling does not

lead to a significant increase in the membrane tension (20).

This rapid membrane response to accommodate morpholog-

ical or osmotic changes is not simply a result of elastic

stretching of the membrane that has very low expandability

(21). Rather, the ability to maintain a constant membrane

tension is attributed to the membrane reservoir that could

buffer the fast variations in the membrane tension (11). Large

and slower changes in the membrane area are believed to be

mediated by tension-controlled incorporation of lipid mate-

rial from internal membrane stores. The concept of a mem-

brane reservoir was first inferred from observations of cell

membrane tension during chemical or mechanical perturba-

tions. The existence of a membrane reservoir in many cell

types was subsequently proved directly based on experi-

ments with membrane tether extraction (22). When a latex

bead attached to the membrane is pulled away from the cell,

a thin hollow membrane cylinder (tether) is extended from

the cell to the bead. It was shown that the force required to

pull the tether from neurons or fibroblasts does not change

over a large range of tether lengths (20). This constant force

serves as evidence that the membrane is being pulled to the

tether from some available membrane depot. At some critical

tether lengths, this membrane reservoir is depleted and an

abrupt rise in the tether force prevents further tether elonga-

tion. The primary role of such a membrane reservoir is be-

lieved to buffer changes in the membrane tension.

Tether extraction is perhaps the most accurate method to

quantitatively characterize the plasma membrane reservoir

(23). To form a membrane tether, micron-sized latex beads

are typically used as handles to grab the cell membrane. For

tight binding to the cell surface, the beads are coated with

active molecules (e.g., antibodies, extracellular matrix pro-

teins, and lectins) via noncovalent adsorption or covalent

linkage. The bead may then be manipulated by aspiration

with a micropipette or by trapping it optically with laser opti-

cal tweezers (LOT). The latter technique provides a very

flexible and accurate method to measure the cell membrane

mechanical properties including tether formation (24,25).

For example, LOT was employed to study membrane tethers

in many cell types such as outer hair cells, neuronal growth

cones, andmolluscan neurons (22,23,26). The LOT tether ex-

traction technique was also used to provide the first evidence

of a membrane reservoir in mouse fibroblasts (21).

In this study, we seek to explore and determine the

differences in the mechanical properties of the membranes

of human MSCs and fibroblasts. We used LOT to extract

tethers from the cell plasma membranes to characterize

quantitatively the membrane reservoir and to elucidate pos-

sible mechanisms of its regulation in undifferentiated and

terminally specialized cells. Detailed characterization of

stem cell mechanics may help us to better understand and

control the differentiation mechanisms for various stem cell-

based tissue engineering and regenerative medicine appli-

cations.

MATERIALS AND METHODS

Cell culture

Human mesenchymal stem cells (hMSCs) and human fibrosarcoma cell line

(HT1080) were grown in Dulbecco’s modified Eagle’s medium containing

L-glutamine, 15% fetal bovine serum, 1% penicillin/streptomycin. The cells

were maintained at 37�C in 5% CO2. The cells were harvested with trypsin/

EDTA and plated on a 22 3 22 mm coverslip 1 or 2 days before the ex-

periment. hMSCS between passages 3–9 were used for all experiments. No

effect of passage number or cell density on tether extraction was observed.

Positive control experiments were performed to differentiate hMSCs into

bone cells or chondrocytes using osteogenic or chondrogenic differentiation

media. The molecular markers such as calcium nodules and osteocalcin (i.e.,

osteogenic cells) and collagen type II (i.e., chondrogenic cells) were used to

verify the intended differentiation (data not shown).

Formicroscopic observation and optical tweezersmanipulation, the cover-

slip with adhered cells was washed with phosphate buffered saline (PBS)

and mounted on a microscope glass slide with a ;100 mm spacer. The cells

between the coverslip and the slide were sealed at the edges of the coverslip.

All experiments were conducted at room temperature. To study the effect of

different drugs on tether formation, the cells were incubated with respective

reagent solution in PBS at 37�C as follows: cytochalasinD (2mMfor 40min),

methyl-b-cyclodextrin (MbCD, 5 mM for 30 min), and dimethyl sulfoxide

(DMSO, 2% for 15 min). Samples were then washed with PBS and mounted

on the microscope slide as described.

Preparation of latex beads

Fluorescent polystyrene beads 0.5 mm in diameter (FluoSpheres, 515 nm

emission, Molecular Probes, Eugene, OR) were used for tether extraction

from the cell membrane.Mouse anti-CD29monoclonal antibodies (Research

Diagnostics, Concord,MA)were covalently coupled to carboxylate-modified

bead surface via carbodiimide linkage. The standard conjugation procedure is

described elsewhere (25). In brief, 200 mg of mouse anti-CD29 antibody in

200mlMESbuffer (50mM2-morpholinoethanesulfonic acid (MES), pH 6.0)

was mixed with the same volume of 2% aqueous suspension of carboxylate-

modified microspheres, and 5 mg N-(3-dimethylaminopropyl)-N9-ethyl-
carbodiimide hydrochloride (EDAC, Sigma-Aldrich, St. Louis, MO) was

added. After incubation on a shaker for 2 h at room temperature, the suspen-

sion was washed in PBS three times by centrifugation. After final centri-

fugation, the precipitate was resuspended in 1 ml of PBS containing 1%

bovine serum albumin (BSA) and 2 mM sodium azide and stored at 4�C.
Before each experiment, the suspension was sonicated and diluted 100 times

with PBS. A coverslip with cells was incubated with a 3% BSA solution for

15min, then 100ml of bead suspension for 15min at room temperature. Cells

were washed in PBS and mounted on a microscope slide.

Laser optical tweezers setup, calibration,
and manipulation

Cells were observed with a Nikon microscope (Eclipse E-800, Nikon,

Melville, NY) in differential interference contrast, bright-field, and epifluor-

escence modes. The bright-field images of cells were superimposed onto the

fluorescent images of the beads (455/70 nm excitation, 515 nm long-pass

emission). Bright fluorescence of the beads resulted in a higher signal/noise

ratio and allowedmore precise bead position tracking. InfraredNd:YAG laser

(1064 nm, continuous wave, 5 W maximum output power, SpectraPhysics,

Mountain View, CA) was used for particle optical trapping (Fig. 1). The laser

beam was expanded 33 and directed to the microscope objective (1003
PlanApo, oil immersion, numerical aperture (NA)¼ 1.4) by twomirrors. The

laser beam was coupled to the microscope optical axis by low-pass dichroic

mirror (950 nm short pass, Chroma Technology, Rockingham, VT). Two

200 mm focal length lenses were used to move the trap in the focus plane

of the objective. One lens was stationary; the other one was moved in the

x- and y-directions by a motorized high precision translation stage. A 16-bit
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charge-coupled device (CCD) camera (Photometrics, Tucson, AZ) was used

to image cells, fluorescent beads, and the laser position. The laser reflection

from the coverslip was used to align optical tweezers and to monitor trap

position between the experiments. Laser reflection was blocked completely

during experiment by a neutral density filter located before the camera

aperture window.

To measure the force applied to the bead trapped by LOT, we used an

elastic spring approximation that is valid for small displacements of a

trapped particle, where the trap potential is harmonic:

F ¼ �kOTx;

where kOT is the stiffness of the trap and x is the particle displacement from

the center of the trap. To determine the LOT stiffness, we measured thermal

fluctuations of a bead caught in the trap and used the equipartition theorem to

calculate the trap strength (27):

1

2
kOTÆx

2æ ¼ 1

2
kBT;

where kOT is the trap spring constant, Æx2æ is mean-square displacement in one

axis, kB is the Boltzmann’s constant, and T is the absolute temperature. The

linearity of Maxwell’s equations implies that the trap stiffness is linearly

proportional to the laser power. The spring constant of the LOTwasmeasured

with the same beads used in experiments at different laser powers. To extract a

tether from the cell membrane, a latex bead attached to the cell was chosen

randomly and optically trapped. Then the bead was displaced from its

equilibrium position by moving the trap away from the cell at constant speed

in the range 0.5–1.5 mm/s. The bead position was monitored and recorded

continuously at a 10 Hz frame rate. The tether growth was observed until the

bead escaped from the trap and quickly returned to the original position. For

analysis of bead motion, the bead position was tracked with nanometer-scale

resolution using a MetaMorph image processor (Molecular Devices, Down-

ingtown, PA). LOT movement plot was superimposed on a bead versus time

graph as a straight line with the slope corresponding to LOT speed. From this

chart, the bead displacement from the trap and the corresponding optical force

were calculated. The total tether length, average tether elongation force, and

maximum escape force were also determined. Typically, 35–40 beads from

;20 cells were analyzed for each experiment condition and cell type.

Cell cytoskeleton observation by laser scanning
confocal microscopy

To observe the cell cytoskeleton structure, cells were fixed in 3.7% formal-

dehyde and permeablized in cold (�20�C) acetone for 3 min. Nonspecific

binding sites were blocked using a 3% BSA solution for 30 min at room

temperature. The intracellular actin filaments were stained with rhodamin-

phalloidin (5 mM) for 30 min at room temperature (Molecular Probes) and

imaged by a laser scanning confocal microscope (Radiance 2001MP, Bio-

Rad, Hercules, CA) and a Nikon TE2000-S inverted microscope with

603 Plan Apo objective (NA ¼ 1.4), green HeNe laser. Emission filters

(590/70 nm)were used to collect confocal images of actin microfilaments and

stress fibers in untreated and cytochalasin D treated cells.

RESULTS

Dynamic membrane tether force measurement

Polystyrene beads with diameter 0.5 mm conjugated with

anti-CD29 antibody were attached to the membrane and used

as handles to extract plasma membrane tethers from hMSCs

and fibroblasts (Fig. 2). The specificity of beads binding to

b1-integrin subunits was tested with similar but not coated

beads. Particles not conjugated with antibody demonstrated a

very low level of binding to the cells. These results suggest

high binding specificity for antibody-coated probes. An

average of 10–20 particles per cell were observed bound to

the cell surface in the typical experiment. Upon binding, the

FIGURE 1 Schematic diagram of the LOT system

enhanced with epifluorescence. An infrared laser beam

was steered to trap and move micrometer-size particles

in the specimen focal plane. The particle position is

monitored with a CCD camera in bright-field and/or

fluorescence modes. See text for details.

FIGURE 2 Membrane tethers extracted from fibroblasts (A) and hMSCs

(B). Fluorescent beads (0.5 mm in diameter) were attached to the cell

membrane and pulled away from the cell by LOT as shown with the arrows.

Thin membrane tethers extending from the beads to the cell body appear as

faint shadows in the bright-field/fluorescence images.
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beads demonstrated two types of behavior: immobile beads

and fluctuating beads. The immobile particles could not be

displaced by LOT and probably were tightly anchored to the

cell cytoskeleton through multiple integrin links. Alterna-

tively, fluctuating beads were loosely bound to the mem-

brane and often produced tethers while being dragged by

LOT. The percentage of fluctuating beads depended on

membrane mechanical properties and cytoskeleton integrity

and varied for different cell types and drug treatment (Table

1). For example, in hMSCs more beads were mobile than in

fibroblasts (34% and 19%, respectively), and this difference

between the two cell types was generally observed even after

various chemical treatments. We attribute this difference to

the cell type-specific integrin dynamics, which depends on

the membrane structural properties, and integrin interaction

with cytoskeleton as illustrated by single particle tracking

experiments (28,29).

A mobile bead was chosen randomly on the cell surface

and pulled with LOT from its equilibrium position at a

constant speed to form a thin membrane tether (Fig. 2). Only

bead displacements more than 1 mm in length were classified

as tethers and included in further quantitative analysis. Some

tethers could be visualized as thin shadows in the bright-field

image. The tether formation was proved by rapid (;0.1 s) re-

traction of the bead to its original position after escaping

from the trap.

The time course of a typical tether pulling experiment is

shown in Fig. 3. The LOT moved at a constant rate of 0.7

mm/s, as indicated by the straight line in the plot. Knowing

the LOT spring constant k and bead displacement from the

center of optical trap Dx, the force exerted on the bead by

LOT was derived as F¼ kDx. The force versus length profile
(Fig. 3 B) shows that during tether elongation the force on the
bead fluctuated around the constant value. When a tether

reached the maximum length, the force abruptly rose until

the bead escaped from the trap, indicating depletion of the

membrane reservoir. If the tether elongation were due to

membrane stretching, the force would be expected to in-

crease with the tether length. However, a plateau on the

force-distance profile suggests that an additional membrane

is drawn from a buffered reservoir. The average force in the

plateau phase was 3.7 6 0.6 pN and 2.9 6 0.3 pN for

fibroblasts and hMSCs, respectively (values statistically

different at p, 0.05). The bead escape force is the maximum

force applied by LOT at a given laser power and averaged

to 9 6 1 pN in all experiments.

The full tether length (from the start of bead pulling to its

escape from the LOT) did not depend on the pull rates in the

range 0.5–1.5 mm/s. At these low velocities the membrane

viscosity has negligible effects on bead dynamics (30).

Besides, the Stokes drag in an aqueous solution on a 0.5 mm
bead at a velocity 1.5 mm/s is estimated to be ,0.02 pN and

thus may be disregarded in comparison with LOT force. The

slower rate may also allow the membrane cytoskeleton to

rearrange under a high tension, eliminating the dynamic

component of cytoskeleton reorganization.

Photodamage caused by exposure to a high intensity laser

radiation is considered one of the most serious limitations of

TABLE 1 Average membrane tether parameters for two

types of cells

Treatment

Plateau

force, pN

Escape

force, pN

Tether

length, mm

Mobile

beads, %

HT1080 fibroblasts

Control 3.7 6 0.6 8.8 6 0.5 3.0 6 0.5 19

Cytochalasin D 3.1 6 0.2 9.0 6 0.6 12.7 6 2.3 24

MbCD 3.1 6 0.4 7.9 6 0.4 4.9 6 1.5 26

Ctochalasin D

and MbCD

2.8 6 0.2 8.2 6 0.7 13.5 6 2.1 27

DMSO 2.8 6 0.3 8.3 6 0.6 17.8 6 2.7 39

Mesenchymal stem cells

Control 2.9 6 0.3 9.7 6 0.7 10.6 6 1.1 34

Cytochalasin D 2.9 6 0.2 8.8 6 0.5 10.7 6 2.0 61

MbCD 2.8 6 0.2 8.5 6 0.3 16.6 6 1.9 64

Cytochalasin D

and MbCD

2.6 6 0.2 7.9 6 0.6 17.9 6 1.6 63

DMSO 2.6 6 0.2 9.0 6 0.8 17.4 6 3.1 58

FIGURE 3 Typical tether extraction experiment. (A) Time course of a

bead dragging by LOT. The motion of the laser tweezers with the trapped

bead started at 1.5 s and continued until the bead escaped at 12 s. (Inset)
The bead displacement from the center of the trapDx increased rapidly during

the last 2 s, indicating a sudden increase in the tether force. (B) Force exerted

on the bead by LOT as a function of the tether length. During tether growth,

force fluctuated near 3 pN, suggesting that the membrane was pulled from a

reservoir. After reservoir depletion at 7 mm tether length, the force rapidly

increased until the bead escaped from the trap.
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LOT. Although near infrared (1064 nm) radiation is weakly

absorbed in a water environment, a high energy flux may

produce temperature increases and local structural changes in

cell components (31). In our experiment, each tether forma-

tion took 15–30 s. For this short time period, nomechanical or

structural changes were observed, as tested by repeating the

tether pulling experiment using the same bead several times at

1–2 min intervals. Tether length distributions for fibroblasts

and hMSCs are shown in Fig. 4. Many long tethers, up to 30

mm, could be produced from hMSCs. In contrast, most tethers

from HT1080 fibroblasts did not exceed 3 mm in length. The

average tether length was 3.0 6 0.5 mm and 10.6 6 1.1 mm
for fibroblasts and hMSCs, respectively.

Membrane-cytoskeleton interaction

Actin microfilaments are one of the most important structural

components of the cell cytoskeleton, which determines the

cell shape, mobility, and mechanical properties. The strong

association of the cell cytoskeleton with the plasma mem-

brane in many cell types suggests that mechanical functions

of the membrane may depend on cytoskeleton organization

(32,33). Confocal microscopy images revealed significant

differences in the cytoskeleton arrangement in hMSCs and

fibroblasts (Fig. 5). Whereas hMSCs have many thick actin

stress fibers extending through the cytoplasm and ending at

focal contacts on the cell basolateral surface, the actin fila-

ments in fibroblasts are organized into a thin dense meshwork

with fewer and smaller stress fibers. These two types of actin

organization could reflect the differences in the specialized

cell functions and may explain cell type-dependent mechan-

ical characteristics. The thin actin network may provide sig-

nificant strength and resilience to fibroblasts as predicted, for

instance, by theoretical tensegrity models (34,35). Indeed,

fibroblasts demonstrate a rounder and more compact mor-

phology on two-dimensional (2D) substrates as compared to

extremely thin and spread hMSCs. The strength and compli-

ance of the cell cytoskeleton may account for these morpho-

logical differences. Further differences in cytoskeleton were

observed after cells were treated with cytochalasin D.Whereas

thick stress fibers in hMSCs completely disappeared, some

smaller actin filaments were still present at the cell periphery of

fibroblasts (Fig. 5, C and D). This observation emphasizes the

differences in the stability and dynamics of intracellular actin

structures.

When actin microfilament polymerization was inhibited

by treatment with cytochalasin D, the length of tethers ex-

tracted from fibroblasts increased more than fourfold with

respect to the tether length in untreated fibroblasts. In con-

trast, disruption of the actin microfilaments in hMSCs evi-

dently did not affect the tether length (Fig. 4, C and D). This
result, which illustrates an important role of actin cytoskel-

eton in the membrane reservoir of fibroblasts, is likely due to

strong interaction between the membrane and actin cyto-

skeleton in fibroblasts. On the other hand, we observed weak

cytoskeleton-membrane interactions in hMSCs, so that alter-

ation of cytoskeletal organization did not result in significant

changes in the tether length and membrane buffering re-

servoir. An extensive interaction between the actin network

and the membrane bilayer in fibroblasts possibly accounts

for the higher average force (3.7 6 0.6 pN) required to ex-

tract tethers in these cells compared with that for hMSCs

(2.9 6 0.3 pN). Following cytoskeleton disintegration, this

force was found to decrease in fibroblasts but did not change

in hMSC, which emphasizes once more the different role of

cytoskeleton in the membrane mechanics of the two types

of cells.

Interestingly, after stem cell treatment with cytochalasin D

the percentage of fluctuating beads increased significantly

(from 34% to 61% in control and treated hMSC, respectively)

although tether length practically did not change (Table 1).

The bead mobility increase is explained by the relaxation of

integrin’s physical link to the actin microfilament after cyto-

skeleton disruption. However, integrins are unlikely to play a

FIGURE 4 Tether length distributions for fibro-

blasts and hMSCS before (A and B) and after (C and

D) cytoskeleton disruption with cytochalasin D.

Note the dramatic increase in the tether length in

fibroblasts after this treatment. Each distribution

was constructed from 35 to 40 tether measurements.
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major role in mediating membrane-cytoskeleton adhesion, as

shown by similar tether lengths before and after cytochalasin

treatment.

Role of membrane rigidity in buffering
reservoir size

Cholesterol is a sterol lipid that is one of the main lipid

components of the plasma membrane of all mammalian cells.

It is known to have a major impact on physical properties of

the membrane bilayer, such as phospholipid ordering, mem-

brane fluidity, deformability, and elastic modulus (36–38).

We used the water-soluble cholesterol carrier MbCD to de-

plete cholesterol from the cell plasma membrane (39). Con-

sistent with reduction of the cholesterol level to decrease

the membrane stiffness (40,41), cholesterol depletion with

MbCD in our experiments resulted in an increase of themem-

brane tether length. Compared to control cells, the average

tether length increased 1.6-fold in both types of cells (Fig. 6).

Cholesterol appears to be closely involved in the membrane

dynamics and regulation of the membrane buffering reser-

voir in both types of cells. An increase in MbCD concen-

tration or incubation time did not result in further significant

increase in tether length. Membrane mechanical properties

seem to change dramatically with initial decrease of choles-

terol level. However, cholesterol content is known to influ-

ence many other membrane characteristics (e.g., lipid

domains distribution) in a complex concentration-dependent

fashion (42).

Simultaneous cholesterol depletion and cytoskeleton dis-

ruption have additive effects on the tether length. When the

cells were treated with two drugs (MbCD and cytochalasin

D), long tethers could be produced from fibroblasts and

hMSCs (average tether length 146 2 mm for fibroblasts and

18 6 2 mm for hMSCs). In fact, there was only a 1.3-fold

difference in tether length in hMSCs and fibroblasts after

these concomitant treatments. In fibroblasts, both membrane

dissociation from cytoskeleton and reduction in cholesterol-

mediated membrane stiffness led to an increase of the mem-

brane reservoir up to a maximum level, whereas in hMSCs,

cytoskeleton-membrane interaction is weak and the major

regulation mechanism of reservoir size appears to be mem-

brane rigidity which, in turn, is controlled by cholesterol

content. The percentage of the beads undergoing fluctuating

motion on the cell surface after cholesterol depletion and

cytoskeleton reorganization was significantly higher than

that observed in control experiments for both types of cells

(see Table 1).

DMSO is another strong reagent that can alter the cell

mechanics by affecting the arrangement of the actin cyto-

skeleton, the interfacial energy between the membrane and

cytoskeleton, and the stiffness of the lipid bilayer. Indeed, cell

treatment with 2% DMSO dramatically increased the mem-

brane tether length. Apparently, the effect of DMSOwas very

similar to the cumulative action of cytochalasin D andMbCD
combined to increase the membrane reservoir size (Fig. 6).

Most likely, DMSO influences both the membrane properties

and actin cytoskeleton, causing an increase in the tether

length. Interestingly, membrane tether behavior (tether length

distribution, average plateau force) was very similar after cell

treatment with either DMSO or a cytochalasin D/MbCD
cocktail. One may suggest that hMSCs and fibroblasts have a

similar maximum available membrane reservoir, but they use

FIGURE 6 Effect of different drug treatments on the average tether

length in fibroblasts and hMSCs. For each type of cell, control case was

significantly different (p , 0.01) from those treated with drugs. However,

one exception is found in hMSCs before and after cytochalasin D treatment,

where the tether length was not statistically different (marked with *). Also,

no statistical difference was observed between tether length in hMSC

exposed to MbCD, MbCD/CytoD, and DMSO (indicated by #). The value

in each category represents the average and standard error of measurement

from 35 to 40 tethers.

FIGURE 5 Actin cytoskeleton organization in fibroblasts (A) and hMSCs

(B). hMSCs are typically bigger in size than fibroblasts and have many thick

actin stress fibers. Microfilaments were disrupted using cytochalasin D in

fibroblasts (C) and MSCs (D).
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different mechanisms to control the reservoir size, which

include the membrane-cytoskeleton interaction and the mem-

brane rigidity. This idea is further discussed in the following

section.

DISCUSSION

Plasma membrane plays an important role throughout the

whole life cycle of mammalian cells. It participates in the

most critical cell functions including adhesion, motility,

endocytosis and exocytosis, signaling, and metabolite traffic.

An important parameter maintained by multifactor mem-

brane homeostasis is the membrane tension. It is known to be

involved in regulation of many cellular processes and should

be maintained at a constant level in the range 0.001–0.1 mN/m

fordifferentcell typesduringvariouschemical andmechanical

perturbations experienced by the cell (12). For example, sig-

nificant variations in the cell morphology or osmolarity do not

usually cause considerable changes in the membrane tension

(22). However, biological membranes stretch elastically only

by 2%–4% before they rupture (43). Cells must have some

protective mechanisms to avoid sudden changes in tension up

to lytic values of 1–10 mN/m. The ability of cells to resist fast

changes in the membrane tension may be explained by a

small bilayer reservoir that can buffer minor increases in the

membrane tension. More dramatic and slower changes in the

cell environment are further accommodated by other tension-

sensitive surface area regulation mechanisms (12).

The nature of such a reservoir remains unclear, however.

The anatomical basis for this reservoir may be various undu-

lations of the membrane that flatten when tension increases.

The reservoir may be represented by filopodia in migrating

neuronal growth cones and fibroblasts, surface folds inmacro-

phages, water channel-laden vesicles in rat kidney cells, and

open cannicular system channels in platelets. Membrane in-

vaginations such as coated pits and caveolae are good can-

didates to represent the membrane reservoir in cells with

‘‘smooth’’ surface-like fibroblasts (44). These structures are

involved in many cell functions commonly associated with

and controlled by the membrane reservoir (45). Membrane

proteins are very likely to play a role in reservoir regulation.

Physical coupling between integral membrane protein and

biological membranes may induce local changes in bilayer

curvature that give rise to bendingmoments and deformations

of the membrane (46).

Although previous studies proved the existence of a mem-

brane reservoir, few attempts have been made to characterize

it quantitatively (21). Tether extraction with LOT is an ex-

cellent approach to measure the membrane reservoir size and

to study quantitatively and selectively the regulatory mech-

anisms in different cell types. Direct evidence for existence

of such a reservoir is provided by a plateau in the force-

length profiles of tether extraction from live cells. Tethers are

hollow thin membrane cylinders extending from the plasma

membrane. In our experiments, the tether radius estimated

from bright-field images was ;0.2 mm, consistent with ob-

servations for other studies (23). To extract these membrane

tethers we used 0.5 mm diameter latex beads. Each bead

coated with antibodies against integrins typically binds

several integrin molecules on the cell surface. The advantage

of using small beads is to minimize cell activation associated

with integrin cross-linking and binding to the bead surface.

Besides, small bead size also minimizes mechanical pertur-

bation from the initial membrane-cytoskeleton separation at

the site of bead attachment to the membrane. Indeed, pulling

a tether 10 mm long and 0.2 mm thick requires ;6 mm2 of

membrane area. A comparable or even a larger area would

be occupied by a 2 mm bead attached to the membrane.

Choosing a small probe should prevent potential bead-size

induced artifacts. Note that larger optical forces may be

applied by LOT to bigger particles (47), but 10 pN exerted

on a 0.5 mm bead was enough to form membrane tethers.

Unfortunately, significant force fluctuations during tether

extraction did not allow us to detect statistically significant

differences between low (2–3 pN) plateau forces in cells

treated with various chemicals. Stiffer optical traps should be

used to study the effect of different drugs on tether force.

Based on evidence of unique biomechanical characteris-

tics of hMSCs, we explored the membrane reservoir prop-

erties of these cells by the LOT technique. Because these

cells are known to differentiate in many types of connective

tissues, we used fibroblasts to compare differences in the

membrane dynamics of undifferentiated and fully special-

ized cells. Our findings indicate considerable differences in

the membrane reservoir in two types of cells. First, the mem-

brane reservoir size appears to be more than three times

larger in hMSCs than in fibroblasts. It should be noted,

however, that hMSCs cultured onto 2D substrate are phys-

ically bigger than fibroblasts. If the membrane reservoir is

continuously distributed on the cell surface (21), difference

in the cell size may at least partially account for differences

in the membrane reservoir size. More dramatic changes in

the hMSC morphology during subculturing on 2D substrate

may require a larger membrane buffering reservoir capacity.

This can also contribute to a bigger reservoir size in stem

cells. Second, differences in the membrane reservoir size in

hMSCs and fibroblasts may be attributed to differential

regulation of mechanisms used by these cells to maintain the

reservoir. These mechanisms include cortical cytoskeleton

tension, membrane-cytoskeleton association, and plasma

membrane rigidity. To explore the first two possibilities, we

disrupted actin fibers using cytochalasin D. The reservoir

size change in response to cytochalain D treatment was

strongly dependent on cell type. In agreement with other

studies (48) the tether length increased substantially in

fibroblasts, showing the important role of cytoskeleton in

maintaining the membrane reservoir. As was reported by

other authors, there is a strong association between the

plasma membrane and cytoskeleton in fibroblasts (17). This

interaction is mostly mediated by multiple attachments of
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intracellular structural proteins to the bilayer surface rather

than the few strong contacts between the membrane and

cytoskeleton. This is consistent with the idea that the orga-

nization of actin cytoskeleton in fibroblasts as an extensive

thin meshwork provides multiple binding sites for the lipid

bilayer. The sum of many weak interactions forms a strong

membrane-cytoskeleton linkage. On the other hand, hMSCs

have a quite different actin cytoskeleton organization than

fibroblasts, such as thick actin stress fibers and rigid stress

fibers connected to the plasmamembrane at a few discreet sites

(e.g., focal adhesions). The overall strength of this coupling is

less than that found in fibroblasts. In hMSCs the tether length

almost did not change after decreasing cytoskeleton structural

integrity. This suggests a much weaker membrane-cytoskel-

eton interaction and consequently a lesser regulatory role of

cytoskeleton for the plasma membrane in hMSCs.

The effective membrane tension g that includes the in-

plane tension of bilayer and interfacial energy of membrane-

cytoskeleton adhesion may be estimated from the force applied

to the tether F and its radius R (23):

g ¼ F

4pR
:

The tether radius was roughly assessed from bright-field

images, and the effective membrane tension value was ;1.5

mN/m. This value is comparable to the resting tension in

growth cones of chick neurons (3 mN/m) (23) but lower than

the tension in normal molluscan neurons (40 mN/m) (22).

However, from this formula alone one cannot estimate di-

rectly the contributions of the in-plane tension and membrane-

cytoskeleton interaction.

The second prospective mechanism to control the apparent

membrane reservoir size is the stiffness of plasma membrane

itself. Cholesterol plays an important role in determining this

membrane rigidity. It has been shown repeatedly that cho-

lesterol depletion decreases the stiffness of lipid bilayer

membranes (40,41). Thus, we used a cholesterol depletion

approach to study the effect of membrane rigidity on the

tether length. Cholesterol depletion did increase reservoir

size in both types of cells. However, based on the combined

treatment with cytochalasin D and MbCD, the effects of

cholesterol and cytoskeleton disruption on the tether length

are additive in fibroblasts. In contrast, only the membrane

stiffness but not interaction with cytoskeleton predominantly

determines the tether length in hMSCs. Interestingly, the

plasma membrane pits’ caveolae, a possible anatomical source

of the membrane reservoir, are closely linked to the choles-

terol level in mammalian cells. The assembly and density of

these structures are related to the membrane’s cholesterol con-

centration (49,50). Caveolae could take part in an intricate

interplay between signal transduction, membrane tension

regulation, and cholesterol content balance.

Another strong chemical agent that can change themechan-

ical properties of cells and cell membranes is DMSO, which

may affect the plasma membrane reservoir size through

different mechanisms by modulating the lipid bilayer and

actin network mechanics. DMSO is a strong amphiphilic

solvent and would readily dissolve the lipid membrane, thus

directly changing its elastic properties. DMSO can also affect

the arrangement of cytoskeleton and thereby increase apparent

reservoir size. In addition, DMSO might indirectly affect the

membrane mechanics through an alteration in the interfacial

energy between the membrane and actin cytoskeleton. The

overall effect of DMSOwas equivalent to the concomitant cell

treatment with cytochalasin D andMbCD, which supports the
notion of all three mechanisms for tether length modulation by

DMSO.

Together with previous findings, we propose that the two

major biophysical mechanisms involved in the membrane

reservoir regulation include membrane-cytoskeleton associ-

ation and membrane rigidity. This postulate is supported by

the fact that cytoskeleton disruption and cholesterol deple-

tion (either with combined cytochalasin D/MbCD or DMSO

treatment) induced the similar tether length in both cell types.

However, there may be other factors affecting the membrane

reservoir size, membrane tension, metabolism, and func-

tions. As shown in this study, these additional mechanisms

likely depend on the cell type, specialization, and cell func-

tions in the organism. Thus, the major role of cytoskeleton in

regulation of the membrane mechanical properties of fibro-

blasts is not surprising considering continual mechanical

stress experienced by these cells. In hMSCs, however, high

sensitivity to multiple environmental biochemical cues relies

on increased signaling and associated transmembrane traffic

that apparently require different membrane properties than

fully differentiated fibroblasts. For example, tight membrane

coupling to cytoskeleton may interfere with transmembrane

trafficking and decrease endocytosis rates. Stem cells there-

fore may rely on the membrane stiffness to regulate the mem-

brane reservoir size and membrane tension. This unique and

outstanding membrane mechanics may have great implica-

tions for stem cell differentiation pathways.

SUMMARY

The membrane mechanical properties of hMSCs were

studied with the LOT technique. Much longer tethers were

extracted from the hMSC plasma membrane compared to

fully differentiated fibroblasts. Different membrane mechan-

ics is attributed to differential membrane-cytoskeleton inter-

action in these two types of cells. Our results support the

hypothesis that the membrane reservoir buffers variations in

the membrane surface tension. Two major mechanisms for

membrane regulation include 1), membrane stiffness, and 2),

its interaction with cytoskeleton. Whereas fibroblasts use

both mechanisms, hMSC membrane dynamics is virtually

unaffected by actin cytoskeleton. The distinctive mechanical

properties of stem cell membranes are likely due to weak

interaction with cytoskeleton. The cell type-specific me-

chanical properties of the membrane are based apparently on
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particular functions of cells terminally committed to a partic-

ular lineage.Additional studies are needed to fully elucidate the

membrane dynamics during stem cell differentiation, however.

Because the stem cell membrane is expected to mediate highly

dynamic responses to multiple signals and environmental

stimuli in morphogenesis, tissue remodeling, and commitment

to specialized cell phenotypes, detailed characterization of the

different mechanical features of stem cells may help to provide

new effective approaches in stem cell-based tissue engineering

and regenerative medicine.
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