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Abstract
Regulation of skeletal remodeling appears to influence the differentiation of multipotent
mesenchymal stem cells (MSC) resident in the bone marrow. As murine marrow cultures are
contaminated with hematopoietic cells, they are problematic for studying direct effects of
mechanical input. Here we use a modified technique to isolate marrow-derived MSC (mdMSC)
from adult mice, yielding a population able to differentiate into adipogenic and osteogenic
phenotypes that is devoid of hematopoietic cells. In pure mdMSC populations, a daily strain
regimen inhibited adipogenic differentiation, suppressing expression of PPARγ and adiponectin.
Strain increased β-catenin and inhibition of adipogenesis required this effect. Under osteogenic
conditions, strain activated β-catenin signaling and increased expression of WISP1 and COX2.
mdMSC were also generated from mice lacking caveolin-1, a protein known to sequester β-
catenin: caveolin-1(−/−) mdMSC exhibited retarded differentiation along both adipogenic and
osteogenic lineages, but retained mechanical responses that involved β-catenin activation.
Interestingly, caveolin-1(−/−) mdMSC failed to express bone sialoprotein and did not form
mineralized nodules. In summary, mdMSC from adult mice respond to both soluble factors and
mechanical input, with mechanical activation of β-catenin influencing phenotype. As such, these
cells offer a useful model for studies of direct mechanical regulation of MSC differentiation and
function.
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INTRODUCTION
Maintenance of the skeleton is a process which must balance diverse inputs that importantly
include mechanical information. This information not only influences differentiated cells
resident within the bone tissue, but may have critical effects on the fate of multipotent
mesenchymal stem cells (MSC) located in the bone marrow. For example, Wnt/β-catenin
signaling, associated with promoting bone formation (1), appears to primarily impact early
events during MSC lineage determination (2). Similarly, mechanical input activates β-
catenin and promotes expression of Wnt/β-catenin target genes in bone cells (3-6),
suggesting that loading effects may be most relevant during MSC differentiation. Indeed,
recent studies support a mechanical influence on MSC fate in animals: daily exposure to
extremely low magnitude mechanical stimulation increases MSC proliferation, with a
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biasing of the MSC population toward osteogenesis (7), and mice subjected to a climbing
regimen have more osteoblasts and fewer adipocytes in the marrow cavity (8). Conversely,
hindlimb unloading increases the potential for adipogenesis in ex vivo marrow cultures (9).

In vitro experimentation has shown that mechanical information promotes the osteogenic
potential of precursor cells (10). In contrast, daily loading of murine embryonic MSC
inhibits adipocyte differentiation (11). Loading of primary marrow cells, which contain
MSC, has subtle effects to promote osteogenesis (12) and osteogenic gene expression (13).
However, the direct cell target for mechanical input in this mixed population is uncertain.
Isolation of murine marrow cells based upon adherence to tissue culture plastic yields a
population contaminated with cells of the hematopoietic lineage, in particular an adherent
macrophage population (14). A purer marrow-derived MSC model would have great utility
for studying mechanisms by which mechanical input influences lineage allocation and
osteoprogenitor cell function.

Here we have generated marrow-derived MSC (mdMSC) from adult male C57BL/6 mice
isolated by the technique of Peister et al (15) to investigate mechanical effects on skeletal
MSC. We show that mdMSC can undergo both adipogenic and osteogenic differentiation
and respond to mechanical input. Secondly, we demonstrate that adult mdMSC can provide
clues to the effects of genes on differentiation. mdMSC were prepared from mice lacking the
membrane protein caveolin-1 (Cav-1). Cav-1 can sequester β-catenin at the membrane (16)
and has been implicated in mechanical responses in cardiovascular cells (17,18). As such, its
absence may alter signaling through β-catenin. Additionally, Cav-1(−/−) mice have increased
trabecular and cortical bone (19), suggesting an influence of caveolin-1 on MSC
differentiation. Cav-1(−/−) mdMSC were able to respond to mechanical input but osteogenic
cultures were unable to mineralize. Our results show that both wild-type and Cav-1(−/−)

mdMSC respond to mechanical strain with activation of β-catenin signaling, leading to
decreased adipogenesis and enhanced osteoblast characteristics. As such, adult murine
mdMSC offer a superior and easily achievable model for studies of direct mechanical
regulation of MSC differentiation and function.

METHODS
Reagents

Fetal bovine serum (FBS) was from Atlanta Biologicals (Atlanta, GA). Horse serum (HS)
was from Hyclone (Logan, UT). Culture medium, L-glutamine, antibiotics, trypsin-EDTA
reagent and Taq polymerase were from Invitrogen (Carlsbad, CA). Insulin, indomethacin, L-
ascorbic acid 2-phosphate and SB415286 were from Sigma-Aldrich (St. Louis, MO).

mdMSC isolation
mdMSC from 8-10 wk male C57BL/6 mice were prepared after Peister et al (15): tibial and
femoral marrow were collected in RPMI-1640, 9% FBS, 9% HS, 100 μg/ml pen/strep and
12μM L-glutamine. After 24 h, nonadherent cells were removed by washing with phosphate-
buffered saline and adherent cells cultured for 4 weeks. Passage 1 cells were collected after
incubation with 0.25% trypsin/1 mM EDTA × 2 minutes, and replated in a single 175-cm2

flask. After 1-2 weeks, passage 2 cells were replated at 50 cells/cm2 in expansion medium
(Iscove modified Dulbecco’s, 9% FBS, 9% HS, antibiotics, L-glutamine). mdMSC were
replated every 1-2 weeks for two consecutive passages, then passage 5 mdMSC were frozen.
mdMSC were similarly prepared from Cav-1(−/−) mice (20) in a C57BL/6 background
(Jackson Laboratory, Bar Harbor, ME).
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Culture conditions
Beginning with passage 5, mdMSC were plated at 3000 cells/cm2 in growth medium (α-
MEM, 10% FBS, antibiotics) for expansion. For experiments, mdMSC (passage 6 - 15) were
plated on collagen-I coated silicone membranes (~10,000 cells/cm2) in growth medium then
changed to specific differentiation medium: adipogenic medium consisted of 0.1 μM
dexamethasone, 5 μg/ml insulin and 50 μM indomethacin; osteogenic medium was 50 μg/ml
ascorbate and 1 μM β-glycerol phosphate, with β-glycerol phosphate increased to 2 mM for
analysis of matrix mineralization,.

Mechanical strain
A daily strain regimen (2% magnitude, 0.17Hz, 3600 cycles) was initiated at the beginning
of experiments using the Z-strain cell deformation device as previously described (21). For
some experiments, mdMSC were cultured in osteogenic medium for 5 days prior to
application of strain using the Flexcell FX-4000 system (Flexcell International,
Hillsborough, NC).

RNA interference
Cells (~50% confluent) were transfected with siRNA (100nM; Invitrogen) targeting β-
catenin or a nonsense siRNA and lipofectamine (25 μl/nmol siRNA) in serum-free
OptiMEM overnight before replacing with adipogenic medium and initiating the strain
regimen.

Real-time RT-PCR
Total RNA was isolated and reverse transcribed as in (3,11). Aliquots of cDNA were diluted
5-5000 fold to generate relative standard curves. PPARγ, adiponectin, WISP1, COX2,
osterix and 18S primers were as previously described (3,11). Osteocalcin primers were
(5′-3′) ctgacctcacagatgccaa and ggtctgatagctcgtcacaa. Bone sialoprotein primers were (5′-3′)
ccggccacgctactttctt and tggactggaaaccgtttcaga. PCR products were normalized to 18S
amplicons in the RT sample.

Histochemical staining
Alkaline phosphatase staining was performed with a kit (Sigma-Aldrich). Cultures fixed in
10% formalin were stained with alizarin red S, pH 4.1 (Sigma-Aldrich) to detect calcified
matrix. Cultures fixed in 10% formalin were stained with 0.5% oil red O (Poly Scientific,
Bay Shore, NY) to detect cytoplasmic triglyceride droplets.

Western blotting
Whole cell lysates and cytoplasmic and nuclear fractionates were prepared as previously
described (3,11) and protein (5-20 μg) separated on a polyacrylamide gel, then transferred to
PVDF membrane. Antibodies directed against β-catenin (BD Biosciences), active β-catenin
(clone 8E7, Upstate, Temecula, CA), GSK3β (Chemicon, Billerica, MA), phospho-GSK3β
(serine-9), phospho-Akt (serine-473), Akt (Cell Signaling, Danvers, MA), PPARγ,
adiponectin, caveolin-1, β-tubulin and actin (Santa Cruz Biotechnology, Santa Cruz, CA)
were used. The antibody for active β-catenin was specific for the hypo-phosphorylated form
of β-catenin (22). Secondary antibody conjugated with horseradish peroxidase was detected
by chemiluminescence. Images were acquired with a Hewlett-Packard Scanjet and
densitometry determined using NIH ImageJ, 1.37v.
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Flow cytometry
Single cell suspensions were prepared, counted, and stained as previously described (23).
Directly conjugated primary antibodies included CD45 (eBioscience, San Diego, CA),
CD90/Thy-1, CD11b/Mac-1, Sca-1/Ly6A, CD45R/B220, (BD Biosciences, San Jose, CA)
and anti-alkaline phosphatase (24). Alternatively, cells were treated with diluted (1:100)
primary antibody × 30 min at 4°C (anti-Pref-1, Abcam, Cambridge, MA), washed in
staining buffer and treated with FITC conjugated second antibody. Cells were analyzed by
flow cytometry using a FACS Caliber (BD Biosciences) and data were analyzed using FloJo
software. Analyses were repeated twice.

Statistical analysis
Results are expressed as the mean ± SEM. Significance was evaluated by one–way ANOVA
or t-Test (GraphPad Prism). All experiments were replicated at least once. Densitometry
data, where given, were compiled from at least three separate experiments.

RESULTS
Adult murine mdMSC differentiate appropriately in response to culture conditions

To confirm that mdMSC would undergo controlled differentiation, cells were cultured in
either osteogenic or adipogenic medium. mdMSC in osteogenic medium showed significant
increases in osterix, osteocalcin and bone sialoprotein expression (Fig. 1A) and positive
alkaline phosphatase staining (Fig. 1B). Mineralized nodules stained by alizarin red S were
present after three weeks in osteogenic medium (Fig. 5B). mdMSC in adipogenic medium
significantly upregulated PPARγ mRNA (Fig. 1C), stained positively for oil red O (Fig. 1D)
and expressed PPARγ and adiponectin proteins (Fig. 1E).

The appearance of PPARγ and adiponectin proteins after culture in adipogenic medium was
accompanied by a reduction in both active (dephosphorylated) and total β-catenin levels
(Fig. 1E) as compared to the levels present in day 0 cultures, an effect that has been reported
in other progenitor cells undergoing adipogenesis (11,25). In contrast, mdMSC cultured in
osteogenic medium expressed β-catenin at levels unchanged from day 0 cultures. While β-
catenin levels continued to drop during the first week in adipogenic medium, levels of
PPARγ and adiponectin peaked at day 4, suggesting that adipocyte lineage commitment
occurred early and did not require maintaining peak expression of PPARγ.

Because the cells were isolated from bone marrow, it was important to demonstrate that
cultured mdMSC from wild-type C57BL/6 and Cav-1(−/−) mice represented similar and
uncontaminated cell populations. Neither wild-type nor Cav-1(−/−) mdMSC expressed
CD45, CD90/Thy-1, or CD11b/Mac-1 assessed by FACs, indicating an absence of
hematopoetic stem cells. Wild-type mdMSC were 74% Sca-1/Ly6A+, 2% ALP+, and
Pref-1−, indicating that the vast majority of cells retained an undifferentiated phenotype. In
comparison, Cav-1(−/−) mdMSC were 94% Sca-1/Ly6A+, 7% ALP+, and expressed low
levels of Pref-1+, suggesting that although the caveolin-1 negative population differed
slightly from wild-type, it similarly represented an uncontaminated early mesenchymal stem
cell.

Mechanical strain inhibits mdMSC adipogenesis
Mechanical strain directly inhibits adipogenesis of the multipotent C3H10T1/2 cell line (11).
To evaluate whether this mechanical response pertained to mdMSC, cells were grown in
adipogenic medium and exposed to a daily strain regimen (3600 cycles/day). Mechanical
strain significantly reduced mRNA for PPARγ to 57 ± 6% and adiponectin to 32 ± 2% of the
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control response after 3 days (Fig. 2A). Strain-induced reductions in PPARγ and
adiponection mRNA were confirmed at the protein level (Fig. 2B).

Active and total β-catenin were measured at higher levels in strai control cultures, where β-
catenin dropped during adipogenesis (Fig. 2B). Densitometry of active β-catenin bands
confirmed that the level was significantly increased in strained cultures as compared to the
unstrained adipogenic cultures. Maintenance of β-catenin was accompanied by mechanical
inactivation of GSK3β, indicated by increased serine-9 phosphorylation in cultures exposed
to strain. Consistent with mechanical activation of β-catenin, strain induced a three-fold
increase in the Wnt/β-catenin target gene WISP1 (Fig. 2A).

To measure the change of active β-catenin in the nucleus in response to strain, the nuclear
fraction was separated from the cytoplasmic fraction. Consistent with total protein levels,
culture of mdMSC in adipogenic medium caused a drop in active β-catenin in the nucleus as
compared to the level in undifferentiated mdMSC (Fig. 2C). Application of daily strain
prevented the decrease in nuclear active β-catenin, while blocking accumulation of
adiponectin in the cytoplasm.

To investigate whether mechanical preservation of β-catenin was critical to preventing
adipogenesis in mdMSC, β-catenin was knocked down using siRNA. Densitometry showed
that total β-catenin protein was reduced by 73% using siRNA. Silencing β-catenin disrupted
the ability of the daily strain regimen to impair adipogenesis, demonstrated as a lack of
significant effect by strain to reduce PPARγ and adiponectin protein expression (Fig. 2D).
To further support a role for β-catenin in preventing adipogenic differentiation of mdMSC,
the GSK3β inhibitor SB415286 (20 μM) was added to adipogenic medium to block β-
catenin degradation. In the presence of SB415286, expression of PPARγ and adiponectin
was decreased (Fig. 2E) and lipid accumulation was reduced (Fig. 2F). These data show that
mechanical regulation of β-catenin is critical to its effect on phenotype in mdMSC.

Strain activates β-catenin signaling in mdMSC grown under osteogenic conditions
Having confirmed that mechanical strain inhibits adipogenesis of mdMSC, we next wished
to ascertain whether mdMSC which had undergone osteogenic transformation would
respond to strain with activation of β-catenin, as had been previously demonstrated in
osteoblasts (3,4). mdMSC were cultured in osteogenic medium for 5 days to induce
differentiation (see figure 1). As shown in Fig. 3A, cytoplasmic active β-catenin was
elevated for up to 6 hours after initiating strain, while total β-catenin was unchanged. The
increase in active β-catenin suggested an alteration in GSK3β activity: phosphorylation of
GSK3β was increased after 1 hour of strain, returning to basal levels by 6 hours despite
continuous strain (Fig. 3B). Activation of Akt, which phosphorylates and inactivates
GSK3β, was also studied. Akt activation, measured by phosphorylation at serine-473,
peaked at 30 minutes after strain initiation. In response to increased β-catenin activity,
WISP1 expression increased with strain (240 ± 20% of control; Fig. 3C). COX2, known to
be influenced by mechanical loading in osteoblasts (5) and a downstream target of β-catenin
in skeletal lineage cells (26,27), was also significantly upregulated by strain (181 ± 22% of
control) in mdMSC.

Absence of caveolin-1 does not block strain effects in mdMSC
Given that caveolin-1 can alter β-catenin signaling via sequestration (16) and that it has been
implicated in mechanical responses in vascular cells (17,18), mdMSC isolated from
Cav-1(−/−) mice were evaluated. Cav-1(−/−) mdMSC in adipogenic medium accumulated
lipid (Fig. 4A) and expressed both PPARγ and adiponectin (Fig. 4B). As expected, β-catenin
levels fell during adipogenesis. Cav-1(−/−) mdMSC proliferated more rapidly than wild-type
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mdMSC, with 45% more cells after 2 days in adipogenic medium. Interestingly, despite the
slight increase in Pref-1+ cells measured by FACs in Cav-1(−/−) mdMSC, adipogenesis
progressed at a slower rate in mdMSC lacking caveolin-1 (Fig. 4C). Expression of PPARγ
and adiponectin in Cav-1(−/−) mdMSC required 7 days of culture to reach levels attained by
wild-type mdMSC at 4 days (Fig. 4B). This retardation was consistent with the reduced lipid
seen at 5 and 7 days in the Cav-1(−/−) cultures, as shown in photomicrographs (Fig. 4A).

Mechanical inhibition of adipogenesis in Cav-1(−/−) mdMSC did not differ significantly
from the effect in wild-type mdMSC. A daily strain regimen slowed adipogenic
differentiation, resulting in a 48 ± 7% reduction in PPARγ and an 85 ± 4% reduction in
adiponectin mRNAs compared to unstrained cultures. Strained cultures also had higher
levels of β-catenin and reductions in PPARγ and adiponectin protein (Fig. 4D). Mechanical
activation of β-catenin was accompanied by a two-fold increase in WISP1 expression (180 ±
13% of unstrained cultures).

Cav-1(−/−) mdMSC were multipotent, as osterix and osteocalcin expression increased with
culture in osteogenic medium (Fig. 5A). However, expression of bone sialoprotein was
undetectable in Cav-1(−/−) mdMSC at all cultures times evaluated. Cav-1(−/−) mdMSC
cultures also did not generate mineralized nodules after three weeks in osteogenic medium,
in contrast to the formation of numerous mineralized nodules in the wild-type mdMSC
cultures (Fig. 5B). Although osteogenic differentiation appeared to be dysfunctional in the
Cav-1(−/−) mdMSC, these cells were able to respond to mechanical input. Expression of
WISP1 and COX2 were both increased with strain (202 ± 10% of control for WISP1 and
187 ± 20% of control for COX2; Fig. 5C), similar to the response measured in wild-type
mdMSC (see figure 3).

DISCUSSION
Mechanical information is one of many inputs that regulate skeletal remodeling. This
information may target both differentiated cells and multipotent MSC resident in the
skeleton. Because murine marrow cultures are contaminated with hematopoietic cells, these
cultures are problematic for studies of direct mechanical effects. In this work, a modified
technique (15) was used to isolate marrow-derived MSC from adult mice, yielding a
population able to differentiate into adipogenic and osteogenic phenotypes and devoid of
hematopoietic cells. A unique aspect of the work presented here is the demonstration of
mechanical responses in two distinct cell phenotypes generated from the same genetic
population of mdMSC. While our work focused on mechanical effects, it promises that adult
mdMSC will be useful for detailed studies of lineage commitment and early differentiation
events that consider a broad range of factors pertinent to the bone marrow compartment.

Within the marrow, MSC differentiation along osteogenic and adipogenic pathways appears
to be reciprocally coordinated (28) and subject to regulation by mechanical input. Signaling
through β-catenin is now established as a primary pathway controlling differentiation
between these two lineages (2,11,29), and as such, may be an important pathway whereby
mechanical loading influences MSC fate. Animal experiments have shown that both
exercise (12) and constitutive activation of β-catenin (30) increase the proportion of marrow
precursors assigned to the osteogenic lineage. These pro-osteogenic effects may be due in
part to a blocking of MSC entering the adipogenic pathway, thus preserving a pool of cells
available for alternate lineages.

In this work, mechanical strain directly prevented adipogenic differentiation of mdMSC, as
evidenced by suppression of PPARγ and adiponectin. This effect was dependent on
activation of β-catenin, consistent with the mechanism of the strain response in C3H10T1/2
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embryonic mesenchymal cells (11). Increased levels of active and total β-catenin resulted
from mechanical inactivation of GSK3β, as recently reported (21). We also demonstrated
that mdMSC differentiated along the osteoblast lineage responded to mechanical strain with
activation of β-catenin signaling, followed by induction of WISP1 and COX2, genes
associated with osteogenesis (31,32). As such, the adult mdMSC model has allowed
confirmation that β-catenin signaling can regulate phenotype in skeletal precursors
responding to mechanical input.

A primary benefit in using a marrow-derived MSC population is the ability to isolate cells
from adult transgenic mice. mdMSC lacking caveolin-1 indeed responded differently to
differentiation protocols, exhibiting retardation of adipogenesis and an incomplete response
to osteogenic culture conditions. Adipogenic differentiation was unimpaired in Cav-1(−/−)

embryonic fibroblasts (33), suggesting that mdMSC represent a different phenotype. In
contrast, the uncontrolled endothelial and fibroblast proliferation in Cav-1(−/−) mice (20,34)
was mirrored in the increased proliferation rate of Cav-1(−/−) mdMSC compared to wild-
type. Cav-1(−/−) mdMSC may experience a delayed braking in the switch from proliferation
to differentiation.

Cav-1(−/−) mdMSC exhibited dysfunctional osteogenic differentiation, being unable to form
mineralized nodules. These cells also did not express bone sialoprotein, a protein abundant
in bone and associated with matrix mineralization (35). Importantly, a near complete
disruption in mineralized nodule formation occurs in bone marrow stromal cultures from
mice lacking bone sialoprotein (36). The deficit in bone sialoprotein in Cav-1(−/−) mdMSC
suggests an interaction between caveolin-1 and bone sialoprotein expression which can be
compensated by other factors in vivo, allowing ossification to occur in Cav-1(−/−)

transgenics.

In summary, murine marrow-derived MSC reliably undergo adipogenesis and osteogenesis,
are not contaminated by hematopoietic cells and, as such, offer an efficient and reproducible
experimental model for the study of lineage regulation in the marrow compartment. mdMSC
can be isolated from adult transgenic mice, allowing study of direct molecular interactions in
this population. Our work further demonstrates that mechanical input activates β-catenin
signaling during regulation of mdMSC phenotype, directly inhibiting adipogenic
differentiation and enhancing expression of osteogenic genes.
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Fig. 1. Murine mdMSC differentiate in response to culture conditions
mdMSC were cultured in osteogenic (OSTEO) or adipogenic (ADIPO) medium. (A)
Designated mRNA was amplified by real-time RT-PCR. “a” shows significant difference
from day 0, p < 0.01. (B) Alkaline phosphatase staining of day 5 cultures. Scale bar = 200
μm. (C) PPARγ mRNA was amplified by real-time RT-PCR. “a” shows significant
difference from day 0, p < 0.01. (D) Oil red O staining of day 5 cultures. Scale bar = 200
μm. (E) Total cellular proteins were immunoblotted for designated proteins, with β-tubulin
used as a loading control.

Case et al. Page 10

J Orthop Res. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 2. Mechanical strain inhibits adipogenesis
(A) mdMSC in adipogenic medium were exposed to daily strain regimen × 3 d, and
designated mRNA was amplified by real-time RT-PCR. “a” shows significant difference
from unstrained control, p < 0.01. (B) Total cellular proteins were analyzed by
immunoblotting after treatment as in (A) with daily strain × 5 d. CTL = control culture; STR
= strained culture. Densitometric analysis of active β-catenin was performed (n = 4
experiments). “a” shows significant difference from unstrained control, p < 0.05. (C)
Proteins from nuclear and cytoplasmic fractionates were immunoblotted for active β-catenin
and adiponectin, respectively, along with loading controls, after treatment as in (A) with
daily strain × 4 d and an undifferentiated (UND) mdMSC control sample was included for
comparison. (D) Immunoblots of total cellular proteins from mdMSC treated with nonsense
siRNA (− siCat) or siRNA targeting β-catenin (+ siCat), then cultured in adipogenic
medium ± daily strain. Densitometric analyses of PPARγ and adiponectin were performed (n
= 3 experiments). “a” shows significant difference from unstrained control, p < 0.05. (E)
The GSK3β inhibitor SB415286 (SB415, 20 μM) was added to mdMSC in adipogenic
medium and proteins were analyzed by immunoblotting on day 4. (F) Oil red O staining
after treatment as in (D) for 5 d. Scale bar = 200 μm.

Case et al. Page 11

J Orthop Res. Author manuscript; available in PMC 2011 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3. Strain activates β-catenin signaling in osteogenic cultures
mdMSC were cultured in osteogenic medium for 5 d and strain applied for 30 min to 6 h.
(A) The cytoplasmic protein fractionate was analyzed for β-catenin and LDH (loading
control). (B) Total cellular proteins were immunoblotted for phosphorylated GSK3β and
Akt. (C) WISP1 and COX2 mRNA were amplified by real-time RT-PCR in cultures strained
for 6 h. “a” shows significant difference from unstrained control, p < 0.01.
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Fig. 4. Absence of caveolin-1 does not block strain effects on adipogenesis
mdMSC were cultured in adipogenic medium. (A) Oil red O staining of wild-type (WT) and
Cav-1(−/−) mdMSC. Scale bar = 200 μm. (B) Total cellular proteins were immunoblotted for
designated proteins. (C) Total cellular proteins were immunoblotted for caveolin-1 and actin
(loading control). (D) Daily strain regimen × 7 d was applied to Cav-1(−/−) mdMSC, and
designated proteins were analyzed by immunoblotting. CTL = control culture; STR =
strained culture.
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Fig. 5. Osteogenic differentiation is disrupted in mdMSC lacking caveolin-1
mdMSC were cultured in osteogenic medium. (A) Designated mRNA from Cav-1(−/−)

mdMSC was amplified by real-time RT-PCR. “a” shows significant difference from day 0, p
< 0.01. (B) Alizarin red S staining of three-week wild-type (WT) and Cav-1(−/−) mdMSC
cultures. (C) Strain was applied to day 5 Cav-1(−/−) mdMSC cultures for 6 h. WISP1 and
COX2 mRNA were amplified by real-time RT-PCR. “a” shows significant difference from
unstrained control, p < 0.01.
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