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During Differentiation

GREGORY YOUREK,* MOHAMMAD A. HUSSAIN,† AND JEREMY J. MAO‡

Mesenchymal stem cells (MSCs) are progenitors for tissues
such as bone and cartilage. In this report, the actin cytoskel-
eton and nanomechanobiology of human mesenchymal stem
cells (hMSCs) were studied using fluorescence microscopy
and atomic force microscopy (AFM). Human MSCs were
differentiated into chondrocytes and osteoblasts as per pre-
vious approaches. Cytochalasin D (CytD) was used to tem-
porarily disrupt cytoskeleton in hMSCs, hMSC-chondrocytes
(hMSC-Cys) and hMSC-osteoblasts (hMSC-Obs). Fluores-
cence microscopy revealed a dose-dependent response to
CytD. Removal of CytD from the media of cytoskeleton-
disrupted cells led to the recovery of the cytoskeletal struc-
tures, as confirmed by both fluorescence microscopy and
AFM. Force-volume imaging by AFM evaluated the nanome-
chanics of all three cell types before, during, and after CytD
treatment. Cytochalasin D disruption of cytoskeleton had
marked effects on hMSCs and hMSC-Cys, in comparison with
limited cytoskeleton disruption in hMSC-Obs, as confirmed
qualitatively by fluorescence microscopy and quantitatively
by AFM. Treatment with CytD resulted in morphology
changes of all cell types, with significant decreases in the
observed Young’s Moduli of hMSCs and hMSC-Cys. These
data suggest human mesenchymal stem cells alter their cy-
toskeletal components during differentiation. Additional
studies will address the mechanisms of cytoskeletal changes
using biochemical and biophysical methods. ASAIO Journal

2007; 53:●●●–●●●.

Mesenchymal stem cells (MSCs) are self-renewing and mul-
tipotential cells with the capacity to differentiate into several
distinct end-stage cell lineages that form bone, cartilage, adi-
pose, tendon, muscle, neural, and other connective tissues.1–6

There is much interest in the potential of MSCs in tissue
engineering of bone and cartilage for the treatment of muscu-

loskeletal trauma and disease. Adult MSCs offer certain advan-
tages over embryonic stem cells, including their readiness and
availability, because they can be obtained from the same
individual.7 Since their first description,8 MSCs have been
shown to possess remarkable capacity for self-replication4 and
multilineage differentiation capacity. They can be differenti-
ated into bone- and cartilage-forming cells in the presence of
chemical supplements and/or bioactive factors.3,9 Potential
applications of MSCs towards regeneration and treatment
have been reported, such as for tissue-engineered mandibular
condyle,10 total jaw,11 osteogenesis imperfecta,12 cardiac re-
generation,13 metachromatic leukodystrophy, and Hurler syn-
drome.14 It has been proposed that the cytoskeleton may play
a role in the differentiation of MSCs.15

The cytoskeleton plays important roles in cell morphology,
adhesion, growth, and signaling. Changes in the cytoskeleton
of the cell allow the cell to migrate, divide, and maintain its
shape,16 and the cytoskeleton responds to external mechanical
stimuli.17 The cytoskeleton consists of three components: actin
filaments, intermediate filaments, and microtubules. The back-
bone of the cytoskeleton is F-actin, which clusters to form actin
filaments. Filaments can be bundled and crosslinked by sev-
eral actin-binding proteins in a network and are most likely
anchored to stable structures, or anchor sites, in the cell (such
as the plasma membrane).18 The actin network plays a major
role in the determination of the mechanical properties of living
cells19,20 by forming a direct link between the integrins and the
nucleus, which mechanically stiffens the nucleus and holds it
in place.21

The atomic force microscope (AFM) was developed in 1986
by modifying the scanning tunneling microscope.22 Since the
early use of AFM for imaging living cells, the subsurface cy-
toskeletal structures have been observed and described in the
nanometer-scale range.23,24 The portion of the cytoskeleton
most readily resolved by the AFM is actin filaments.25 The
conjunction of the AFM with other imaging techniques has
also confirmed the ability to study microtubules and interme-
diate filaments with the AFM.26,27 It has been demonstrated
that tightly adherent cells are stiffer than cells that are loosely
attached,28 suggesting a dynamic reorganization of the cy-
toskeletal elements is induced by the cellular attachment to the
substrate. Upon study of the three cytoskeletal elements with
immunofluorescent dyes using confocal laser scanning micros-
copy, the elasticity of the cell membrane was found to be
related to the distribution of the actin and intermediate filaments,
but much less to the microtubules.26 Similar observations in
two fibroblast cell lines confirmed the crucial importance of
the actin filament network for the mechanical stability of living
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cells.19 The disruption of actin filaments causes a decrease in
the average elastic modulus of the cell membrane, induced
disassembly of microtubules has little effect on cell membrane
elasticity.19

Although the biochemical events that occur upon stem cell
differentiation are well-characterized, there is limited knowl-
edge of the nanocharacteristics of undifferentiated and differ-
entiating human mesenchymal stem cells (hMSCs). We have
recently characterized the Young’s Modulus and surface
roughness of differentiating hMSCs (Patel et al., in preparation);
however, how these characteristics relate to the underlying
actin cytoskeleton of these cells is unknown. The physical
characteristics of a cell have proven to be valuable features of
cells; different types of cells have evident variations. We have
chosen to focus on Young’s Modulus because of the significant
differences between undifferentiating and differentiating MSCs
found in our laboratory (Patel et al., in preparation).

The hypothesis of this study was that structural changes asso-
ciated with human MSC differentiation are actin-cytoskeleton
dependent. There are numerous reports of gene expression and
protein modifications of hMSCs, and of changes in morphol-
ogy as differentiation occurs; however, little is known about
how the structural aspects of these cells are modified as a result
of differentiation. We investigated changes in cytoskeletal and
nanomechanical characteristics of hMSCs after differentiation
using fluorescence and atomic force microscopy techniques,
respectively, in combination with cytoskeletal perturbation.

Materials and Methods

Cell Isolation and Culture

Human mesenchymal stem cells were isolated from com-
mercially available whole bone marrow (AllCells, Berkeley,
CA) using RosetteSep (StemCell Technologies, Vancouver, BC)
according to the manufacturer’s instructions. The RosetteSep
antibody cocktail crosslinks unwanted cells in the bone mar-
row to multiple red blood cells, forming “immunorosettes” that
increase the density of the unwanted cells. The hMSCs are not
labeled with antibody, so they can be collected as a highly
enriched population at the interface between the plasma and
the buoyant density medium. Briefly, bone marrow was mixed
with phosphate-buffered saline (PBS; Cambrex, East Ruther-
ford, NJ) containing 2% fetal bovine serum (FBS; Atlanta
Biologicals, Norcross, GA) and 1 mM EDTA solution. This
solution was gently layered on Ficoll-Paque (StemCell Tech-
nologies). The solution was centrifuged and enriched cells
were removed and centrifuged to separate cells.

The cells were counted and plated at 6.7–13.3 � 103 cells/
cm2 in basal culture media, which was Dulbecco’s Modified
Eagle’s Medium, low glucose (DMEM-LG; Sigma, St. Louis,
MO), 1% antibiotic (containing 10 units/l penicillin G sodium,
10 mg/ml streptomycin sulfate, 0.25 mg/ml amphotericin B
(Gibco, Invitrogen Corporation, Carlsbad, CA), and 10% FBS.
Media was changed every 2 days until cells became confluent.
At cell confluence, cells were trypsinized, centrifuged, resus-
pended in media or freezing solution, and passaged 1:4 or
frozen until use, respectively. At passaging, cells were plated
in tissue-culture flasks and incubated in 5% CO2 at 37°C, with
fresh media changes every 3 or 4 days.

Cell Differentiation

Osteogenic-supplemented media was basal culture media
plus 100 nM dexamethasone, 10 mM �-glycerophosphate,
and 50 �g/ml ascorbic acid. Chondrogenic supplemented me-
dia was DMEM, high glucose, 1% 1� ITS� (BD Biosciences,
Franklin Lakes, NJ; containing human recombinant insulin and
human transferrin [12.5 mg each], selenious acid [12.5 �g],
Bovine Serum Albumin [2.5 g], and linoleic acid [10.7 mg]),
1% antibiotic (containing 10 units/l penicillin G sodium, 10
mg/ml streptomycin sulfate, and 0.25 mg/ml amphotericin B),
100 �g/ml sodium pyruvate, 50 �g/ml ascorbic acid, 40 �g/ml
L-proline, 0.1 �M dexamethasone, and 10 ng/ml transforming
growth factor-�3. Cells were plated at 1–2 � 103 cells/cm2 for
hMSCs and hMSC-osteoblasts and 5–10 � 103 cells/cm2 for
hMSC-chondrocytes on Thermanox cell culture–treated cov-
erslips. The hMSC-Cys were plated at higher density because
of less proliferation in serum-free media so similar confluency
for all cell types could be obtained at the time of experimen-
tation. Cells were cultured in unsupplemented and supple-
mented media for 2 weeks before experimentation.

Actin Staining

Cells were fixed in formaldehyde, permeabilized with Triton
X-100, and blocked with 1% BSA. Stock solutions of phalloi-
din were prepared from Phalloidin-TRITC (Sigma) or “Alexa
Fluor” 488 Phalloidin (Molecular Probes) dissolved in DMSO
or methanol, respectively. Stock solution was added to 1%
BSA in PBS for final concentration of 1 �g phalloidin/1 �l PBS.
Cells on coverslips were placed upside down on 25 �l phal-
loidin solution/1 cm2 area for 40 minutes at room temperature
in dark. Cells were washed with PBS and viewed using Nikon
Eclipse E600 or E800 fluorescence microscopes and imaged
using Image Pro (Media Cybernetics, Silver Spring, MD) or
SPOT (Diagnostic Instruments, Sterling Heights, MI) software.

Actin Disruption

Cytochalasin D (CytD; Sigma) was dissolved in dimethyl-
sulfoxide (DMSO; Fisher; Hampton, NH) for stock solution.
Stock solution was added to DMSO to reach CytD concentra-
tions of 0.02, 0.09, 0.4, 2, 9, and 19.7 �M in media. As a
vehicle control, the same amount of DMSO was added to the
media of cells not receiving CytD. At no point did the con-
centration of DMSO exceed the manufacturer’s recommended
concentration (0.1%) so cells would not be adversely affected.
Stock solution was diluted in a specific amount of DMSO for
each concentration used so that the amount of DMSO added
to the media was kept the same throughout all experiments.
Cells were exposed to the CytD solutions for 2 and 24 hours,
after which the cells were fixed and stained or washed 2� with
PBS and non-CytD respective media was added for an addi-
tional 6 hours. After 6 hours, these cells were fixed and stained
as well. Cell viability with application of 2 �M CytD in DMSO
and 0.1% DMSO in media was analyzed via a TUNEL assay kit
(Roche, Mannheim, Germany) according to the manufacturer’s
instructions. Briefly, cells were fixed and permeabilized as
above. For positive control, cells were incubated with DNase
I; for negative control, cells were incubated with TUNEL-label
instead of TUNEL reaction mixture solution from above. Cells
were incubated with TUNEL reaction mixture followed by
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incubation with TUNEL-AP. Actin cytoskeleton disruption ex-
periments were repeated a minimum of three times for each
cell type using multiple donor cells and passage numbers.

Atomic Force Microscopy

The cells on the disc were attached to a 15 mm metal disc
using double-sided tape and magnetically attached to the stage
of a Nanoscope IIIa AFM (Digital Instruments Inc., Santa Bar-
bara, CA). To measure Young’s Moduli in the force-mapping
mode, spatially resolved information was obtained by record-
ing a “force-volume image” consisting of arrays of force-
distance curves. Cantilevers with a nominal force constant of
k � 0.06 N/m and oxide-sharpened Si3N4 tips were used to
apply nanoindentation of �1 nN against cell membrane sur-
face. Scan rates were 1 Hz for topographic imaging and 10 Hz
for force spectroscopy and scan size area between 50 and 70
�m2 for imaging and 100 �m2 for force spectroscopy. Typi-
cally, the force maps were recorded with a frequency of 10 Hz
at a resolution of 32 � 32 curves. The radius of curvature of the
scanning tips was approximately 20 nm. Both topographic and
force spectroscopy images of the cell were obtained in contact
mode. A standard AFM fluid cell with the o-ring seal was used
to keep the cells in a fluidic environment. Degassed DMEM
was infused into the fluid cell of the AFM via a syringe pump
at 0.05 ml/min. For each cell, average E was derived from
individual calculations of three randomly selected points on
the membrane surface within the 100 �m2 scanning field,
using the Hertz equation shown below:

E �
3F�1 � ��

4�R�3/ 2
(1)

where E is the Young’s Modulus, F is the applied nanome-
chanical load by the AFM, � is the Poisson ratio for a given
region, R is the radius of the curvature of the AFM tip, and � is
the amount of indentation as measured by the AFM. For cy-
toskeleton disruption, CytD was added at 1 �g/ml (2 �M) to
de-gassed DMEM with no additions and infused into the fluid
cell as above. For cytoskeleton rescue, medium not containing
CytD was again infused. Young’s Modulus AFM experiments
were repeated 10 times for each cell type using multiple donor
cells and passage numbers. Cytoskeleton AFM experiments
were repeated a minimum of three times for each cell type
using multiple donor cells and passage numbers.

Statistics

Significance was determined at p � 0.05. Observed Young’s
Moduli were analyzed with a one-way analysis of variance
between all cell types analyzed both before and after exposure
to 1 �g/ml (2 �M) CytD. All statistical analysis was carried out
using the SigmaPlot 9.0/SigmaStat 3.1 (Point Richmond, CA)
software package.

Results

Fluorescence Microscopy and Cytoskeleton Disruption

Upon differentiation, there were evident differences in the
actin cytoskeleton structure between undifferentiated hMSCs
(Figure 1A) and their bone cell counterparts (hMSC-Obs) (Fig-
ure 1B). The fibroblast-like, spindle shape of the hMSCs trans-

lated into long, thin stress fibers running in parallel according
to the orientation of the cells (Figure 1A). However, upon
differentiation to hMSC-Obs, the parallel fibers disappeared,
and a robust, crisscrossed pattern of actin cytoskeleton
emerged while the stress fibers appeared thicker (Figure 1B).

Human mesenchymal stem cells from multiple donors and
passages were culture-expanded in basal (hMSC), osteogenic
(hMSC-Obs), and chondrogenic (hMSC-Cys) media for 14
days. Cells were exposed to 0.02, 0.09, 0.4, 2, 9, and 19.7 mM
CytD for 2 and 24 hours, as described above. A TUNEL assay
demonstrated minimal cell apoptosis of cells exposed to either
of these reagents (data not shown) compared with cells not
exposed to either of the agents. Therefore, these concentra-
tions were considered acceptable in terms of cell viability for
the remaining experiments. Actin cytoskeleton staining re-
vealed a dose-dependent response of actin cytoskeleton of all
cell types to CytD. With increasing concentrations of CytD, a
greater amount of actin was unable to polymerize, resulting in

Figure 1. Detailed images of actin cytoskeleton of differentiating
hMSCs. Representative images of fluorescently stained actin cy-
toskeleton of hMSCs (A) and hMSC-Obs (B). Cells were stained with
fluorescent phalloidin (which specifically stains cellular F-actin) and
images were converted to grayscale where actin is white. Undiffer-
entiated hMSCs displayed long, parallel, thin stress fibers (A). Upon
osteogenic differentiation, stress fibers became robust and ac-
quired a crisscross pattern (B).
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smaller and more rounded cells (Figure 2). A greater effect was
seen in hMSCs and hMSC-Cys than in hMSC-Obs, with a
greater concentration of CytD necessary for actin disruption/
cell rounding in hMSC-Obs than the other cell types (Figures 2
and 3, hMSC-Obs images vs. hMSCs and hMSC-Cys images).
At 2 �M CytD (Figure 4) and at the highest concentration of
CytD used (19.7 �M) (Figure 3), all cell types could have their
actin cytoskeleton rescued, even after 24-hour continuous
exposure to the drug and only 6-hour re-application of non-
CytD media, demonstrating the actin cytoskeleton still pos-
sessed polymerization capabilities and cells were still viable
after exposure to the CytD and DMSO.

Atomic Force Microscopy: Topography

The hMSCs, hMSC-Obs, and hMSC-Cys were culture-treated
in respective media and analyzed using an atomic force micro-

scope. Topographical images were obtained in both height and
deflection mode. Scanning in height mode generally revealed a
larger height scale of hMSC-Obs than the undifferentiated hMSCs
(scale in Figure 5A vs. 5B). This was apparently related to the
thicker actin stress fibers of the hMSC-Obs than the hMSCs,
which could be visualized in detail in deflection mode (noted by
arrowheads in Figures 5B and 5B’). In all cell types, scanning in
deflection mode revealed the fine cytoskeletal structure (presum-
ably actin) just under the cell membrane at stunning detail (Fig-
ures 5A and 5B and Figure 6A).

After 1 hour of scanning in basic media, 2 �M CytD was
injected via syringe pump into the fluid cell system, which
hydrates the cells during AFM studies, while AFM scanning
was continued. At this point, the fine cytoskeleton structure
began disintegrating. Almost immediately upon introduction of

Figure 2. Dose-dependent response of hMSCs to CytD. Repre-
sentative images of fluorescently stained actin cytoskeleton of hM-
SCs (A, D, G, J, M, P), hMSC-Obs (B, E, H, K, N, Q), and hMSC-Cys
(C, F, I, L, O, R) cells. Cells were in no (A–C), 0.02 �M (D–F), 0.09 �M
(G–I), 0.4 �M (J–L), 2 �M (M–O), and 4 �M (P–R) CytD for 2 hours.
Cells were stained with fluorescent phalloidin (which specifically
stains cellular F-actin) and images were converted to grayscale
where actin is white. Extensive cytoskeletal disruption of hMSCs
and hMSC-Cys was apparent at and �2 �M CytD. The cytoskeleton
of hMSC-Obs appeared robust relative to hMSCs and hMSC-Obs,
with seemingly more actin cytoskeleton staining of hMSC-Obs than
hMSCs and hMSC-Cys at these concentrations.

Figure 3. Disruption and rescue of CytD disrupted cells at high
CytD concentration. Representative images of fluorescently stained
actin cytoskeleton of hMSCs (A, B), hMSC-Obs (C, D), and hMSC-
Cys (E, F). Cells were fixed, stained and imaged after 2-hour expo-
sure to 19.7 �M CytD (A, C, E) and rescue after 24-hour exposure to
19.7 �M CytD followed by washing of CytD media and reintroduc-
tion of non-CytD respective media for 6 hours (B, D, F). Cells were
stained with fluorescent phalloidin (which specifically stains cellular
F-actin) and images were converted to grayscale where actin is
white. Extensive cytoskeletal disruption of all cells was apparent at
this concentration of CytD. All cell types were able to have their
cytoskeleton rescued after 24-hour exposure to this CytD concen-
tration followed by a thorough washing and re-application of non-
CytD respective media demonstrating no loss of actin polymerization
activity or cell viability with the application of the drug.
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drug, the cytoskeleton of all cell types became less pro-
nounced. This effect was much more evident with the appli-
cation of CytD to hMSCs (Figures 5A’, 5C’, and 5E’) and
hMSC-Cys (Figures 6A’, 6B, and 6B’) than to hMSC-Obs (Fig-
ures 5B’, 5D’, and 5F’). The greater effect of CytD on the
undifferentiated and chondrogenic-differentiated cells com-

pared with the osteogenic-differentiated cells visualized by
AFM shadows those images obtained by fluorescent staining
(see Figures 1–3). After only 10–20 minutes of CytD applica-
tion, there was a tremendous change in actin cytoskeleton of
both the hMSCs and hMSC-Cys. The fine strands of the actin
cytoskeleton of the hMSCs disappeared, and the cell mem-

Figure 4. Disruption and rescue of CytD disrupted cells at 1 �g/ml (2 �M) visualized by phase-contrast and fluorescence microscopy.
Representative phase-contrast (A–I) and fluorescently stained actin cytoskeleton (J–R) images. Fluorescence images show actin fibers
stained with fluorescent phalloidin (which specifically stains cellular F-actin). Images are converted to grayscale where actin is white. Cells
were hMSCs (A, D, G, J, M, P), hMSC-Obs (B, E, H, K, N, Q) and hMSC-Cys (C, F, I, L, O, R). Cells were fixed, stained and imaged after
culturing without CytD media (A–C, J–L), after 24-hour application of CytD media (D–F, M–O) and rescued after CytD treatment by
re-application of non-CytD media for 6 hours (G–I, P–R). All cell types were affected by this concentration of CytD, with more of an effect on
hMSCs and hMSC-Cys than on hMSC-Obs (M and O vs. N). All types had F-actin rescued from disruption with removal of CytD, washing
and introduction of non-CytD media for 6 hours (P–R). Fewer hMSC-Cys were present during CytD treatment and after rescue because of
detachment by CytD treatment (F and I).
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brane became smoother in appearance. In the case of the
hMSC-Cys, there was even retraction of the cell after only a
short amount of time with CytD; this movement can be as-
sumed to be equal to the rounding up of cells observed in the
fluorescent images of cells exposed to higher doses of CytD.
However, the thick stress fibers of the hMSC-Obs remained
visible by AFM for up to 40 minutes after CytD infusion.

As in the fluorescence studies, rescue of actin cytoskeleton
could be noted with AFM scanning (Figures 6B–B”). With the
removal of the CytD, after only 30–40 minutes of re-application
of CytD-free media, the fine structures of the actin cytoskeleton
were again visualized just under the cell membrane of
hMSC-Cy and the cell began to spread. The landmarks de-
noted by the arrows in Figures 6A–A”, 6B, and 6B’ demon-
strate a lack of extensive AFM drift during scanning. This
illustrates the disappearance of the cell specifically in Figures
6 A–A“ is not an artifact due to AFM drift.

Atomic Force Microcopy: Force Spectroscopy

Using force-volume plots, a relative stiffness of the cell
membrane can be obtained. With infusion of 2 �M CytD, the
relatively definitive point of tip contact with the surface ob-
served in the force-volume plots of the undifferentiated hMSCs
transformed to a less defined region, which is evidence of a
softening of the membrane most likely due to the disruption of

the actin cytoskeleton via CytD (Figure 7A vs. 7C). There was
a much greater loss of stiffness of hMSCs than hMSC-Obs after
introduction of CytD, as the plots before and after CytD intro-
duction to hMSC-Obs (Figure 7B vs. 7D) showed minimal
differences.

Figure 5. Cytoskeleton disruption of hMSCs and hMSC-Obs
visualized by AFM. Representative AFM height (A, B, C, D, E, F) and
deflection (A�, B�, C�, D�, E�, F�) scans of hMSCs (A, A�, C, C�, E, E�)
and hMSC-Obs (B, B�, D, D�, F, F�). Images of the two cell types
before CytD treatment (A,A�,B,B�), after 10–15 minutes of 1 �g/ml (2
mM) CytD exposure (C,C�,D,D�), and after 40–45 minutes of CytD
exposure (E,E�,F,F�). In height images, brighter color indicates
higher distance off of substrate. Height images of hMSC-Obs gen-
erally had a larger z-scale, apparently because of thicker stress
fibers that could be visualized just under the surface of the mem-
brane (arrowheads in B and B’). The detailed structure of presum-
ably the actin cytoskeleton could be observed with AFM with both
cell types (A� and B�). There was a marked difference in cytoskeleton
morphology of hMSCs exposed to CytD compared with hMSC-Obs
(C� vs. D� and E� vs. F�), with a greater effect of disruption of actin
cytoskeleton in hMSCs than in hMSC-Obs.

Figure 6. Disruption and rescue of CytD disrupted cells at 1 �g/ml
(2 �M) visualized by AFM. Representative AFM deflection images of
hMSC-Cys exposed to 1 �g/ml (2 �M) CytD after 10–20 minutes
(A�) and 30–40 minutes (A	) of CytD infusion and after 10–20 min-
utes (B�) and 30–40 minutes (B	) of re-application of non-CytD
media. White arrows in A–A	, B�, and B	 denote a landmark to
demonstrate a lack of extensive AFM drift. The actin cytoskeleton of
hMSC-Cys could be disrupted with exposure to 2 �M CytD. The
disruption was so extreme from A–A	 in only a matter of 40 minutes
that the cell completely rounded up and left the field of view. In
B–B	, a different cell from that seen in A–A	 was re-introduced to
non-CytD media after having been exposed to 2 �M CytD media.
The actin cytoskeleton can be seen to reform its structure in only 40
minutes, with the cell membrane transforming from a smooth ap-
pearance in B to having apparent actin fiber formation visible just
under the surface of the cell membrane in B	.

Figure 7. Representative force-volume plots of hMSCs (A,C) and
hMSC-Obs (B,D). The y-axis is deflection of the atomic force mi-
croscope cantilever/tip and the x-axis is displacement of the canti-
lever/tip from the surface. Dark lines represent the cantilever/tip
approaching the surface; gray lines represent the retraction of the
cantilever/tip from the surface. Plots A and B are before the appli-
cation of actin cytoskeleton disrupting drug CytD, C and D are after
application of the drug. The greater angular deviation from A to C as
opposed to B to D represents a greater loss of stiffness of hMSCs
than hMSC-Obs after the introduction of 1 �g/ml (2 �M) CytD.
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More quantitatively, the information from these plots in
tandem with the Hertz model can give an observed Young’s
Modulus of the cell’s membrane, which is most likely influ-
enced by the state of the actin cytoskeleton. As we previously
found (Patel, et al., in preparation), exposure to osteogenic
supplements significantly increased the observed Young’s
Moduli of hMSC-Obs 0.6-fold compared with the hMSCs in
basal media (Figure 8). Also, the hMSC-Obs had a significantly
higher (0.4-fold) observed Young’s Moduli than the hMSC-Cys.
Following the addition of 2 �M CytD to the media, the ob-
served Young’s Moduli of both the hMSCs significantly de-
creased 0.4-fold, and the hMSC-Cys significantly decreased
0.3-fold compared with their respective cell type in CytD-free
media. However, there was not a significant decrease in the
Young’s Moduli of hMSC-Obs exposed to 2 �M CytD.

Discussion

There is a myriad of literature concerning the biochemical
changes that occur upon MSC differentiation. However, little is
known about the regulation of the actin cytoskeleton of hMSCs
upon differentiation. After only 2 weeks’ exposure to osteo-
genic supplements in cell culture medium, the actin cytoskel-
eton visualized by fluorescence microscopy of hMSC-Obs
transforms from an apparently well-organized structure, with
fine actin fibers running in parallel along the long axis of the
cell of the undifferentiated hMSCs, to a seemingly reorganized
and robust arrangement of the actin cytoskeleton in the hMSC-
Obs (Figure 1A vs. 1B). This reorganization of the actin cy-
toskeleton may be related to the responsiveness of the actin
cytoskeleton in the response of bone cells to a shear stress,29,30

which plays a major role in bone modeling/remodeling.31 Less

obvious were the changes in the actin cytoskeleton of the
hMSCs differentiating into cartilage cells; there seemed to be
an increase in actin-based protrusions emanating from the
hMSC-Cys as compared with the hMSCs (Figure 2A vs. 2C),
which may also be due to the importance of the actin cytoskel-
eton in cartilage cells.32

By using CytD to inhibit actin polymerization33 of undiffer-
entiated hMSCs and hMSCs differentiating to bone (hMSC-Obs)
and cartilage (hMSC-Cys), we have gained a better understanding of
the structural changes an hMSC experiences upon differentiation.
The actin cytoskeleton (visualized by way of fluorescently stained
actin) of both hMSCs and hMSC-Cys became almost completely
disrupted at 2 �M CytD (see Figures 3M and 3O). The observed
decrease in the number of cells after disruption and rescue of the
actin cytoskeleton are most likely an effect of the complete disruption
of the cytoskeleton of many of the cells, which would cause the cell
to completely round up and lose contact with the substrate. The
following washing of CytD media for re-application of non-CytD
media may have washed these cells away. There appear to be fewer
hMSC-Cys remaining after rescue than hMSCs and hMSC-Obs (Fig-
ures 4G and 4H vs. 4I). This may be because of a loss of actin
cytoskeleton structures during chondrogenic differentiation, as red-
ifferentiated chondrocytes display faint actin microfilaments when
compared to their dedifferentiated counterparts.34

It has previously been found that the cytoskeleton may affect
the differentiation of cells.35,36 Recently, through disruption of
the actin cytoskeleton using CytD, a decrease in the osteogenic
markers alkaline phosphatase activity and calcium deposition
of human mesenchymal stem cell–derived osteoblasts was
noted compared with those cells not exposed to the cytoskel-
eton disrupting drugs.15 It was also quite elegantly displayed
using micropatterning that hMSCs expressed osteogenic or
adipogenic markers depending on the size of the micropattern
on which the cells were cultured.37 When the cells were
cultured on patterns with small areas, they exhibited an adi-
pogenic phenotype. Likewise, when the actin cytoskeleton of
the cells was disrupted, transforming their normal fibroblast-
like, spindle-shaped morphology to a rounded-up cell, adipo-
genic markers were increased. This was true even when the cells
were cultured in the presence of osteogenic-supplemented media
in both cases. Conversely, when the cells were allowed to
spread on a large pattern, the cells expressed a more osteo-
genic phenotype. This was found even when the cells were
cultured in adipogenic-supplemented media. This differentia-
tion brought about by changes in cell shape was found to be
mediated through the RhoA-ROCK pathway.37 Similar results
are reported in this work; when undifferentiated hMSCs are
cultured in the presence of osteogenic supplements, their cy-
toskeleton transforms from long, mostly parallel stress fibers of
hMSCs to robust stress fibers with more random patterning of
hMSC-Obs (Figure 1B). This radical change in the actin cy-
toskeleton after only 2 weeks may be explained by the idea
that the cytoskeleton and its related proteins of bone29,38 and
cartilage39,40 cells play a role in the mechanotransduction of
mechanical signals to which these cells are exposed.

The differences in actin cytoskeleton properties of these cell
types may be related to the amount/type of actin capping
proteins present in the cells, which have a function in the
polymerization of actin filaments. It has been hypothesized
that the actions of cytoskeleton-disruption drugs, specifically
CytD, depend on the affinity of capping proteins for the barbed

Figure 8. Observed Young’s Moduli of hMSCs exposed to CytD
obtained by atomic force microscopy. Observed Young’s Moduli of
hMSCs (black bars), hMSC-Obs (light gray bars), and hMSC-Cys
(dark gray bars). Atomic force microscopy measurements were
obtained before (solid line bars) and after (striped line bars) appli-
cation of 1 �g/ml (2 �M) actin cytoskeleton-disrupter CytD. Ob-
served Young’s Moduli were obtained from force-volume plots
generated by atomic force microscopic nanoindentation of cells in
combination with the Hertz model. Bars are means and SEMs of at
least 10 separate experiments. Data were analyzed with a one-way
analysis of variance. The hMSC-Obs had significantly higher ob-
served Young’s Moduli than both hMSCs and hMSC-Cys. Upon
actin cytoskeleton disruption, there were significant decreases in
the Young’s Moduli of both hMSCs and hMSC-Cys; however, no
significant decrease was observed for the hMSC-Obs.
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filament ends of cells.18 A higher concentration of CytD is
needed for extensive actin cytoskeleton disruption for cells that
have capping proteins with a higher affinity, because the CytD
is less able to displace the actin-capping proteins, thus block-
ing actin polymerization,18 This may, in part, explain the
differences seen in the current work between the amount of
CytD necessary for maximum actin disruption among the three
cell types. It may be that the MSCs differentiating into bone
cells acquire changes in their production of actin-capping
proteins along with their changes in cell morphology and
increases on bone cell markers. Gelsolin is an example of an
actin-capping protein that mediates actin dynamics, thereby
modulating cell shape and movement.41 Gelsolin in vitro can
become associated with phosphoinositides, which have been
shown to regulate actin regulatory proteins.42 Osteopontin has
been shown to upregulate gelsolin-associated phosphoinositi-
des in osteoclasts, which causes uncapping of actin and results
in actin filament polymerization.43 Because an increase in
osteopontin production is noted during MSC differentiation to
bone cells in some models,44 this increase in osteopontin may
be regulating the activity of gelsolin, thereby modulating actin
polymerization/depolymerization. Further work in this area is
necessary to determine if this is the case.

Using AFM, we were able to observe actin cytoskeleton
disruption and repolymerization of hMSCs and their differen-
tiated counterparts as the events were occurring in the same
cell with stunning resolution (Figures 5 and 6). With the high-
resolution images gained with the AFM, coupled with images
obtained using conventional fluorescence microscopy, we can
conclude that there are obvious differences in the actin cytoskel-
eton of undifferentiated and differentiated hMSCs. Undifferenti-
ated hMSCs portray their typical fibroblast-like, spindle-shaped
morphology, and the actin cytoskeleton seems to have the
responsibility for that particular shape of the cell because the
majority of the actin fibers run in parallel down the long axis of
the cell. Upon osteogenic differentiation, the actin cytoskele-
ton becomes robust and more disordered with a greater
amount of crisscrossing actin filaments and larger stress fiber
bundles. As previously stated, this may have to do with the
specific responsibility of the actin cytoskeleton of bone cells to
directly aid in the response of bone cells to a shear stress,29,30

which has been hypothesized as the basis for the modeling/
remodeling of the entire skeleton.31 The actin cytoskeleton of
the hMSCs differentiating into cartilage cells also underwent
changes, but to a lesser degree. The undifferentiated cells went
from their previously described shape to spreading out more
with additional actin protrusions, possibly due to the impor-
tance of the actin cytoskeleton in cartilage cells.32 Also with
AFM, it was possible to observe the degree to which a single
cell responded to the actin cytoskeleton-disrupting drug CytD
in near-real time and how a cell responds to the removal of the
drug (Figure 6). As in the fluorescence microscopy experi-
ments (Figures 2G and 2H vs. 2I), a higher degree of cell
rounding up/detachment of hMSC-Cys as compared with hM-
SCs and hMSC-Obs (Figures 5E’ and 5F’ vs. Figure 6A”) could
also be noted with AFM, so much so that the cell completely
leaves the scanning area of the AFM. This is similar to the
apparent decrease of hMSC-Cys present after cytoskeleton
disruption/rescue visualized by fluorescent staining (Figure 4I)
and further demonstrates the differences in the cytoskeleton of

undifferentiated stem cells and chondrogenic-differentiated
stem cells.

The actin cytoskeleton has previously been demonstrated to
play a larger role in the nanomechanical properties of cells
than the microtubule component.19 However, most AFM stud-
ies take care not to use large loading forces or penetrate the
cell too much so as not to damage the cell during scanning.
When the nanomechanics of a cell are probed at a level
deeper than at the membrane surface, the microtubule net-
work does appear to play a role.45 Further studies that use
possibly better models for Young’s Modulus development may
be warranted, as may those that study the role of the microtu-
bular portion of the cytoskeleton of undifferentiated and dif-
ferentiating stem cells. Also, with the disruption of the actin
cytoskeleton and sequential rounding up of the cell, AFM
force-volume mode may have been biased towards scanning
closer to the nucleus, as the bulk of the cell consisting of the
actin cytoskeleton has retracted. Other studies using AFM have
noted differences in the Young’s Moduli at different locations
of the cell, specifically between locations near the periphery of
the cell compared with locations that were scanned directly
on, or in close proximity to, the cell nucleus.46,47 It would be
interesting in a future study to determine the Young’s Moduli at
different locations of each type of cell before and after actin
cytoskeleton disruption to determine if the changes in Young’s
Moduli associated with actin cytoskeleton disruption may in
part be affected by the decrease in total cell surface area
available for AFM scanning and an increase in scanning of the
membrane of the cell that is just above the nucleus as a result
of the retraction of the cell due to CytD exposure.

Using combined approaches of fluorescence microscopy
and uniaxial stress-strain testing device, Wakatsuki and others
found a correlation between the degree of actin polymeriza-
tion and the mechanical properties of the cells studied.18

Interestingly, they observed that, even at lower concentrations
of actin-disrupting drugs used when there was no noticeable
actin cytoskeleton disruption visualized by fluorescence mi-
croscopy, changes were evident in the mechanical properties
of these cells. Although the experiments described in this work
did not go so far as to test the mechanical properties of all cell
types at all CytD concentrations used, some conclusions can
be drawn concerning the dependence on hMSC nanomechan-
ics on their associated actin cytoskeleton. At the dose of CytD
used for the nanomechanical studies in the current experi-
ment, 2 �M, undifferentiated hMSCs and hMSCs exposed to
chondrogenic supplements had a significant decrease in their
Young’s Moduli, or stiffness, of their cell membrane. This was
evident by AFM not only quantitatively via direct measurement
of this property, but qualitatively as well with topographical
force and deflection mode images of the flattening surface of
the cells with CytD infusion and the disruption of the actin
cytoskeleton.

Conclusion

Using AFM to measure cell mechanics has recently gained
popularity as an important tool for studying how cells respond
to specific stimuli. Biological techniques to study changes in
cell behavior have been well researched for decades; it is only
recently that an understanding of the physical properties of
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cells has become essential for eventual therapeutic applica-
tions. We attempted to gain a better understanding of the
structural transformations a human mesenchymal stem cell
goes through upon differentiation to a bone- or cartilage-
producing cell. We believe this to be important in the field of
stem cell biology because although much is known concern-
ing the biochemical changes a stem cell experiences during
differentiation, little is known about the direct physical
changes a cell goes through upon differentiation. This may
have wide implications in the field of tissue engineering,
where structure is as important as chemistry.

We have found that the actin cytoskeleton of mesenchymal
stem cells undergoes changes upon osteogenic and chondro-
genic differentiation. In the case of osteogenesis, the parallel
cytoskeleton with thin actin fibers becomes disordered and
robust with thicker stress fibers. In the case of chondrogenesis,
the cytoskeleton expands from a parallel orientation to having
more projections emanating from the center of the cell. The
actin cytoskeleton of hMSC-Obs was also more resistant to
drug disruption than was the actin cytoskeleton of hMSCs and
hMSC-Cys. The observed Young’s Moduli of the hMSC-Obs
were higher than both the hMSCs and hMSC-Cys, possibly as
a result of the previously described cytoskeleton reorganiza-
tion. Disruption of actin cytoskeleton and associated AFM
studies with more doses of the cytoskeleton disrupter may
further describe changes in the structure of the hMSCs. In both
cases, these changes in the cytoskeleton may serve to struc-
turally transform the cell so it is able to respond to stimuli
experienced by bone and cartilage cells that are necessary for
the health of the tissue. Understanding the physical character-
istics of these cells may aid in the development of new bio-
materials, which can potentiate the structure of the cells for the
advancement of tissue engineering.
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