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cytoskeleton.

Mesenchymal stem cells (MSCs) have been extensively investigated for their applications in regenerative
medicine. Successful use of MSCs in cell-based therapies will rely on the ability to effectively identify
their properties and functions with a relatively non-destructive methodology.

In this study, we measured the surface stiffness and thickness of rat MSCs with atomic force micros-
copy and clarified their relation at a single-cell level. The role of the perinuclear actin cap in regulating
the thickness, stiffness, and proliferative activity of these cells was also determined by using several actin
cytoskeleton-modifying reagents. This study has helped elucidate a possible link between the physical
properties and the physiological function of the MSCs, and the corresponding regulatory role of the actin

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Mesenchymal stem cells (MSCs) are a heterogeneous popula-
tion of stem/progenitor cells with the pluripotent capacity to
differentiate into mesodermal and non-mesodermal cell lineages.
They have generated a great deal of interest owing to their poten-
tial use in regenerative medicine and tissue engineering [1,2]. In
order to maximize the potential of MSCs for biomedical applica-
tions, a more comprehensive characterization of MSCs is required.
To achieve this goal, the development of a direct, relatively
non-destructive method for measuring physical properties, which
reflect the fate and physiological state of MSCs, is necessary.
Population thickness (height) of adhered human MSCs may be
related to various cell functions, such as proliferation activity and
cell cycle [3,4]. However, a more comprehensive view of the
physical properties of MSCs is required.

Mechanical properties such as cytoskeleton organization and
elasticity, membrane tension, cell shape, and adhesion strength
may play important roles in stem-cell fate and differentiation
[5-7]. A change in mechanical properties, and in particular, in
the stiffness (elasticity) of tissue cells, has been recognized as an
indication of cancer [8]. Several techniques have been successfully
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employed to study cell mechanical properties, including micropi-
pette aspiration, magnetic twisting cytometry, optical traps, and
atomic force microscopy (AFM) [9-11]. In particular, AFM can be
used to analyze live cells [12,13] and to investigate their mechan-
ical properties in physiological conditions in a relatively non-
destructive manner [14].

Surface mechanical properties of a cell are dominantly defined
by the actin cytoskeleton [15-18]. Stress fibers are specific deter-
minants of cell mechanics [19], and cortical actin promotes corti-
cal rigidity [20,21]. Dominant types of actin cytoskeleton differ by
cell types as well as position. Therefore, the key determinants for
cell mechanics probably vary across different cell types, and it is
necessary to determine the character of cell mechanics in each
cell type.

Previously, we reported that the elastic modulus of human
MSCs decreased dramatically by actin de-polymerization, whereas
the cell thickness increased [22]. The elasticity and the thickness of
an actin de-polymerized MSC and a bare nucleus were almost the
same. Thus, regulatory factors of nuclear thickness and cell elastic-
ity are possibly the same, and these may be related to the actin
cytoskeleton. Recently, Khatau et al. reported that a perinuclear
actin cap, which is an actin filament structure that forms a cap or
dome above the apical surface of the nucleus, tightly regulates
the nuclear shape of adherent fibroblasts [23]. In this study, we
examined the regulatory effect of the perinuclear actin cap on
thickness and stiffness of adherent rat MSCs by using several actin
cytoskeleton-modifying drugs.
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2. Materials and methods
2.1. Materials

The AFM probe (ATEC-CONT; spring constant: 0.02-0.75 N/m)
was purchased from Nanosensors (Neuchatel, Switzerland). Cell
culture media was purchased from Nacalai Tesque (Kyoto, Japan),
and fetal bovine serum (FBS) was purchased from JRH Biosciences
(Lenexa, KS). Antibiotics were purchased from Sigma-Aldrich (St.
Louis, MO). Fisher 344 male rats were purchased from Japan SLC
(Shizuoka, Japan). ATP bioluminescence assay kit was purchased
from Toyo Ink (Tokyo, Japan). Other reagents were purchased from
Sigma-Aldrich, Wako Pure Chemical Industries Ltd. (Osaka, Japan),
or Invitrogen (Carlsbad, CA).

2.2. Preparation and culture of rat MSCs

Rat MSCs were isolated and primarily cultured as described pre-
viously [24]. In brief, bone marrow cells were obtained from the
femoral shafts of 7-week-old male Fisher 344 rats. The cells were
obtained from at least 2 rats and mixed. The culture medium
was Eagle’s minimal essential medium (with Earle’s Salt and
1-glutamine) containing 15% FBS and antibiotics (100 U/mL penicil-
lin G, 100 pg/mL streptomycin sulfate, and 0.25 pg/mL amphoteri-
cin B). The medium was renewed twice a week, and cells at
passages 2-6 were used in this study.

Y-27632 (10 uM), blebbistatin (5 pM), cell permeable C3 trans-
ferase (20 ng/mL), calyculin A (0.15 nM), and wiskostatin (1 uM)
were used to analyze inhibition or acceleration of the actin cyto-
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skeleton. Cells were cultured in the medium containing these re-
agents for 2 days and then manipulated by AFM.

2.3. AEM measurements

Rat MSCs cultured on 35-mm culture dishes in the medium
were manipulated by AFM (Nanowizard [; JPK Instruments AG,
Berlin, Germany) at room temperature. The probe was indented
into the cells up to 50 nN at 10 pm/s. The Young’'s modulus of
the cell was calculated according to the Hertz model [25]. Although
the Hertz model is accommodated in an elastic body, various kinds
of cellular stiffness have been evaluated by this model as Young’s
modules [26]. The force-distance curve at the region up to
400 nm of cell surface indentation was fitted to the model
(Fig. 1A). Although the ATEC-CONT is a tetrahedral probe, the edge
of the probe is conoidal. Thus, the following equation was used in
the model of indentation:

E
(1-v?)

2tana
T

F= P

where F = force, I = depth of indentation, « = semi-opening angle of
the cone (5°), v = Poisson’s ratio (0.5), and E = Young's modulus.
Cell thickness was derived from the length, from the cell contact
point to the substrate (Fig. 1A). All experiments were performed in
more than 10 cells, and each cell was examined at 9 different
points within a size-defined grid on the nuclear region of the mem-
brane. In this study, we assumed that the distribution of Young’s
moduli and the thickness of cells were in accordance with the
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Fig. 1. Measurement of the cell stiffness and cell thickness of MSCs. (A) Details of the method of measuring cell stiffness and thickness by AFM. Typical force-distance curves
obtained from the indentation of and pulling up from the surface of rat MSCs are shown at the left, and the schema for the AFM manipulation is shown at the right. Cell
thickness is represented as the distance between the contact point of cell surface and substrate. Stiffness is calculated from the force curve at the region of indentation (up to
400 nm) by fitting it to the Hertz model (inset). (B) Distribution of Young's modulus of the same MSCs. Young’s modulus of each cell (total of 3 cells) was measured 100 times
repeatedly. The distribution pattern of Young’s modulus of rat MSCs shows a log-normal pattern. (C) Relationship between the median value of Young's modulus and cell
thickness in rat MSCs. Each data point is for one cell (total of 100 cells). The line shows approximated curve for the points (R = 0.35, P = 0.0004).
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Fig. 2. Role of the actin cytoskeleton in regulating the cell properties of rat MSCs. (A) Schematics of effects of the used reagents on the actin cytoskeleton. C3 transferase, Y-
27632, and blebbistatin inhibit actin polymerization and stress fiber formation. In contrast, calyculin A inhibits myosin light chain phosphatase and leads to actin
polymerization, resulting in stress fiber and cortical actin formation. Wiskostatin inhibits lamellipodium formation. (B) Influence of the agents on Young’s modulus and
thickness of rat MSCs. Each point indicates a data point from each cell (a total of 10 cells for each condition). C3 transferase (C3), Y-27632 (Y27632), and blebbistatin (Blebb)
decreased surface rigidity of rat MSCs and increased cell thickness. On the other hand, calyculin A (CalyA) and wiskostatin (Wisko) had little impact on these physical
properties of MSCs. (C) Organization of pericellular actin cap of rat MSCs following treatment with the agents. The frequencies of organization of perinuclear actin cap are
shown. The presence of the perinuclear actin cap at each condition was determined from more than 23 cells. The typical images for organization and disruption or not of the
actin cap are shown in Supplementary Fig. S1. C3 transferase (C3), Y-27632 (Y27632), and blebbistatin (Blebb) decreased actin cap organization; calyculin A (CalyA) and
wiskostatin (Wisko) increased actin cap organization. (D) Proliferation activity of rat MSCs cultured with various reagents. The cell number at 6 days was evaluated by
measuring the cellular ATP contents with chemiluminescence system. C3 transferase (C3), Y-27632 (Y27632), and blebbistatin (Blebb) slightly increased the cell numbers; on
the other hand, calyculin A (CalyA) and wiskostatin (Wisko) did not influence the proliferation.

log-normal distribution, and a median value of 9 points was
adopted for the Young’s modulus and the thickness of each cell.

2.4. Cell proliferation assay

Approximate cell numbers were determined using an ATP bio-
luminescence assay kit according to the manufacturer’s instruc-
tions. Rat MSCs were plated at a density of 1 x 10> cells/well into
white 96-well culture plates and cultured in the culture medium
containing the cytoskeleton-modifying reagent for 6 days. The

ATP bioluminescence reagent was added to the wells, and the
cultured cells were shaken for 1 min and then incubated for
another 10 min at 25°C. Luminescence was measured with
Synergy HT (BioTek, Winooski, VT).

2.5. Evaluation of perinuclear actin cap
The perinuclear actin cap was evaluated by staining the

actin filaments of rat MSCs. Cells cultured for 2 days with the cyto-
skeleton-modifying reagent were fixed with 4% paraformaldehyde,
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Fig. 3. Overview of the physical properties of MSCs. In normal MSCs, developed perinuclear actin caps generate highly surface tension and press tightly against the nucleus,
giving the cells a rigid surface stiffness and flat thickness. In contrast, in stress fibers-attenuated MSCs, the surface tension was decreased and the cell surface was boosted by
the nucleus, resulting in the cells with elastic surfaces and a high thickness. Furthermore, elastic and tall cells tended to also have high proliferation activities.

permeabilized with 0.5% Triton X-100, and then stained with
FITC-labeled phalloidin for actin filaments and propidium iodide
for nucleus. Specimens were observed by confocal laser scanning
microscopy (CLSM; FV-1000; Olympus, Tokyo, Japan) in 0.5 um
serial sections. The presence of the perinuclear actin cap was deter-
mined from the status of actin filaments over the nucleus in more
than 23 cells for each condition (Supplementary Fig. S1).

3. Results
3.1. Relationship between stiffness and thickness of rat MSCs

First, we examined the relation between every AFM-measured
Young’s modulus and the thickness of each rat MSC (Supplemen-
tary Fig. S2). Compared with the thickness, the measured Young’s
modulus varied widely for each AFM manipulation (Supplemen-
tary Fig. S2). This was due to the fact that cellular mechanical prop-
erties are local and can change dramatically based on the location
being probed [27]. Since it was difficult to determine the cell stiff-
ness from these scattered Young’s moduli, we examined the distri-
bution of Young’s moduli of rat MSCs in single cells and found that
the distribution of Young’s moduli corresponded to a log-normal
pattern of distribution (Fig. 1B). Therefore, we selected the median
value of the widely spread Young’s moduli of each cell in this
study, because the median provides a better estimate of the target
value than the mean in a log-normal distribution.

Thickness versus Young’s modulus of each adherent rat MSC
was then plotted (Fig. 1C). Analyses of 100 cells revealed that
Young’s modulus of various adherent rat MSCs varied largely,
and that it had a weak inverse correlation with cell thickness in
each cell (Fig. 1C). The correlation coefficient R between these 2
factors was 0.35 (P =0.0004). In short, flat, adherent MSCs tended
to be rigid, whereas tall MSCs showed a relatively elastic property.

3.2. Regulation of cell stiffness and thickness of rat MSCs by actin
cytoskeleton

An intact actin cytoskeleton contributes a major part of cell
stiffness, yet there are several forms of actin cytoskeleton in a cell,
e.g., stress fibers, lamellipodia, filopodia, and cortical actin. Here,
we examined the effect of actin stress fibers and lamellipodia on
stiffness and thickness of adherent rat MSCs, using several pharma-
cological agents that affect the actin cytoskeleton (Fig. 2A). We
used gentle concentrations of all agents to avoid inducing obvious
morphological changes (Supplementary Fig. S3).

Rho inhibitor C3 transferase, ROCK inhibitor Y-27632, and myo-
sin Il ATPase inhibitor blebbistatin prevent and attenuate stress fi-
ber formation [28-30]. The Young’s moduli of the cells treated with
these agents decreased relatively while their thickness increased
(Fig. 2B). On the other hand, the properties of the cells treated with

myosin light chain phosphatase inhibitor calyculin A [31], which
activates actomyosin formation and enhances actin polymerization
in stress fibers, lamellipodia formation, and cortical actin, were
hardly altered (Fig. 2B). Moreover, cells treated with the N-WASP
inhibitor wiskostatin, which inhibits lamellipodia formation [32],
showed no changes in either the Young’s modulus or thickness
(Fig. 2B). Thus, the cell stiffness and thickness of adherent rat MSCs
were strongly affected by attenuated actin stress fibers, but were
barely influenced by activation of actomyosin formation or inhibi-
tion of lamellipodia formation.

3.3. Perinuclear actin cap correlation with cell thickness and stiffness
of rat MSCs

Actin filament structures that form a cap or dome located above
the apical surface of the nucleus, referred to as the perinuclear ac-
tin cap, regulate the nuclear shapes of adherent fibroblasts [23].
The perinuclear actin cap is specifically disorganized or eliminated
by the inhibition of actomyosin contractility. To identify a possible
role of the perinuclear actin cap in regulation of stiffness and
thickness of rat MSC, we examined the changes in the actin cap
organization in rat MSC under the presence of each actin cytoskel-
eton-modifying agent by observing with CLSM.

The majority of rat MSCs had a well-developed perinuclear actin
cap under normal culture conditions (Fig. 2C and Supplementary
Fig. S1), rendering a flat shape to rat MSCs. Analysis of collected
images demonstrated that treatment with actin stress fiber-forma-
tion inhibitors, namely, C3 transferase, blebbistatin, and particu-
larly Y-27362, led to an increase in the number of cells with no
actin cap as compared to the control cells (Fig. 2C and Supplemen-
tary Fig. S1). In contrast, more MSCs possessed an organized actin
cap after treatment with calyculin A and wiskostatin (Fig. 2C).
Attenuation of actin stress fibers results in reduction of perinuclear
actin cap organization, which corresponds to the data of the cell
thickness and stiffness of rat MSCs (Fig. 2B, C). On the other hand,
augmentation of actin cap organization had little impact on the cell
thickness and stiffness of rat MSCs (Fig. 2B, C).

3.4. Actin cytoskeleton affects proliferation activity of rat MSCs

Population thickness of adhered human MSCs may be related to
proliferation activity at the donor level [3]. We thus examined the
possible affect of actin cytoskeleton on proliferation activity of rat
MSC population to determine whether cell stiffness relates with
proliferation. Adding the agents to the cell culture media revealed
that Y-27632, C3 transferase, and blebbistatin, which attenuate the
actin stress fibers and the perinuclear actin cap, slightly increased
the growth activity of rat MSCs (Fig. 2D). On the other hand, upreg-
ulation of perinuclear actin cap formation, as caused by treating
the MSCs with wiskostatin or calyculin A, had little effect on cell
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proliferation (Fig. 2D). These data consist with the results of cell
thickness and stiffness. We therefore propose that actin cap orga-
nization regulates the proliferation activity and cell thickness and
stiffness of rat MSC.

4. Discussion

In this study, we experimentally demonstrated two major
points relevant to surface stiffness of substrate-adhering rat MSCs.
One is that cell stiffness and cell thickness showed an inverse
correlation at a single-cell level (Fig. 1C). The second is that the
perinuclear actin cap organization regulates the cell stiffness,
thickness, and possibly proliferation activity of rat MSCs (Fig. 2).
A schematic diagram of our findings is shown in Fig. 3. Originally,
MSCs adhere flat on a given substrate, and their actin stress fibers
and perinuclear actin cap are well developed. A developed actin
cap flattens out the nucleus and increases surface stiffness. On
the other hand, cells with diminished stress fibers also lose their
actin cap, with a resulting decrease in surface stiffness, and the nu-
cleus boosts the cell height according to the plasticity of nuclear
lamin A [23]. Thus, although surface stiffness and cell thickness
are essentially different physical properties of cells, the perinuclear
actin cap coordinates these properties in MSCs. However, these cell
properties were not affected by augmentation of the actin cap
organization after treatment with either calyculin A or wiskostatin
(Fig. 2). In particular, calyculin A is an activator for actomyosin for-
mation, and it increases surface stiffness in Drosophila embryonic
S2R+ cells by accelerating cortical actin formation [21]. Cortical ac-
tin determines isotropic cortical tension of non-adherent or mitotic
cell [33], and the surface stiffness of some cells is mainly deter-
mined by this cortical actin formation [21]. Thus, it is believed that
anisotropic surface tension that arises from the perinuclear actin
cap is higher than the isotropic cortical tension in MSCs, which
would explain why behavior of the stiffness of rat MSCs differed
from the above cell. In addition, further-developed stress fibers
and actin cap of MSCs may induce partial buckling of the actin
cytoskeleton [34] or fluidization of cell [35]; the physical proper-
ties are unaffected by augmentation of the actin cap formation.
Interestingly, the stress fiber-attenuated MSCs tended to show a
high proliferation activity (Fig. 2). This result corresponds with
the previous study relating cell thickness with proliferation activ-
ity in human MSCs [3,4]. Our results additionally show that the
states of the actin cap and actin stress fibers in MSCs are potent
regulators of the proliferation activity of each cell.

It is well known that mechanical properties of cell environ-
ments control cell life [36,37]. In particular, commitment of differ-
entiation lineage of MSCs is specified by matrix elasticity which is
sensed by actomyosin contraction [38]. Furthermore, the surface
stiffness of MSCs changes depending on the substrate elasticity.
The surface stiffness of MSCs also changes during cell differentia-
tion [39]. Our present study reveals that the surface stiffness of
MSCs is regulated by actin stress fibers, including the perinuclear
actin cap, and is related with proliferation activity. Thus, the
mechanical properties of MSCs are potent indicators for their cell
behavior and physiological functions. The evaluation of cell quality
and estimation of cell activities of MSCs are essential cytotechnol-
ogy for applications in regenerative medicine and tissue engineer-
ing. We predict that in the future non-destructive and high-speed
methods of measuring mechanical properties of MSCs will become
an essential part of the cytotechnology.
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