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Am J Physiol Cell Physiol 292: C1830–C1836, 2007. First published
January 24, 2007; doi:10.1152/ajpcell.00352.2005.—Fluid flow due
to loading in bone is a potent mechanical signal that may play an
important role in bone adaptation to its mechanical environment.
Previous in vitro studies of osteoblastic cells revealed that the upregu-
lation of cyclooxygenase-2 (COX-2) and c-fos induced by steady fluid
flow depends on a change in actin polymerization dynamics and the
formation of actin stress fibers. Exposing cells to dynamic oscillatory
fluid flow, the temporal flow pattern that results from normal physical
activity, is also known to result in increased COX-2 expression and
PGE2 release. The purpose of this study was to determine whether
dynamic fluid flow results in changes in actin dynamics similar to
steady flow and to determine whether alterations in actin dynamics are
required for PGE2 release. We found that exposure to oscillatory fluid
flow did not result in the development of F-actin stress fibers in
MC3T3-E1 osteoblastic cells and that inhibition of actin polymeriza-
tion with cytochalasin D did not inhibit intracellular calcium mobili-
zation or PGE2 release. In fact, PGE2 release was increased threefold
in the polymerization inhibited cells and this PGE2 release was
dependent on calcium release from the endoplasmic reticulum. This
was in contrast to the PGE2 release that occurs in normal cells, which
is independent of calcium flux from endoplasmic reticulum stores. We
suggest that this increased PGE2 release involves a different molec-
ular mechanism perhaps involving increased deformation due to the
compromised cytoskeleton.

mechanotransduction; cell mechanics

MECHANOTRANSDUCTION is the conversion of external mechanical
stimuli into intracellular biochemical signals. Mechanical sig-
nals have been found to regulate many aspects of bone cell
function, including differentiation, gene expression, protein
synthesis, and apoptosis. The mechanosensitive signaling path-
ways of cells may depend on the interactions that exist between
the cell’s cytoskeleton and sites of transduction of mechanical
signals (24, 30).

In vitro experiments conducted with bone cells suggest that
loading-induced fluid flow is an important extracellular signal
in mechanotransduction (1, 2, 14, 19, 20, 26). Pavalko et al.
(18) found that the upregulation of COX-2 and the transcrip-
tion factor c-fos was induced by a mechanism that involves the
reorganization of the actin cytoskeleton under unidirectional

steady fluid flow. Furthermore, disruption of the �-actinin
mediated linkage between actin cytoskeletal filaments and
plasma membrane bound integrins also inhibited the effect of
fluid flow on both COX-2 and c-fos. COX-2 (also known as
prostaglandin synthase 2) is an enzyme that is essential for the
production of prostaglandins and may promote bone formation
by increasing proliferation and differentiation of osteoprogeni-
tor cells (6, 11). C-fos, an early response gene product that
directly affects DNA transcription, is also essential for normal
bone physiology. Thus the finding that the mechanical regula-
tion of both of these proteins requires an intact actin-membrane
connection suggests that a mechanically loaded cytoskeleton
with functional linkages to integrins may play an essential role
in mechanotransduction.

In bone, locomotion and postural control induce dynamic
oscillatory fluid flow in the lacunar-canalicular network (26).
During a loading event, deformation in the mineralized matrix
causes a heterogeneous pressure gradient that drives fluid flow
in the lacunar-canalicular network (15, 19, 26). When bone is
subsequently unloaded, the fluid flow direction is reversed due
to the reversed pressure gradient. The dynamic nature of this
pressure gradient results in the fluid flow induced by loading
being oscillatory in nature. You et al. (29) and Donahue et al.
(9) applied oscillatory fluid flow to osteoblasts and found that
COX-2 and PGE2 were upregulated. Although these studies
further implicated fluid flow as an important cellular physical
signal in bone cell mechanotransduction, it was not determined
whether reorganization of the actin cytoskeleton is required for
this observed upregulation.

In this study, we investigated the ability of oscillatory fluid
flow to induce F-actin cytoskeletal reorganization in osteo-
blasts. We examined how altering actin polymerization dynam-
ics affects intracellular calcium mobilization and PGE2 release
in osteoblasts exposed to oscillatory flow. We postulated that
the formation of stress fibers in osteoblasts requires actin
filaments to experience a prolonged tension. Although steady
flow would provide the necessary chronic tension to actin
filaments, oscillatory flow would not. This would suggest that
oscillatory fluid flow will not induce the reorganization of actin
fibrils into stress fibers. We utilized low-dose cytochalasin D,
which blocks actin polymerization at the barbed end, to deter-
mine the role of actin polymerization dynamics in intracellular
calcium mobilization and PGE2 release of cells exposed to a
physiological flow profile.
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METHODS

Cell culture. MC3T3-E1 osteoblastic cells (subclone 14; ATCC,
Manassas, VA) were cultured in �-modified minimal essential me-
dium (�MEM; Invitrogen, Carlsbad, CA) containing 10% fetal bovine
serum (FBS; Hyclone, Logan, UT), 1% penicillin and streptomycin
(Invitrogen), and maintained at 37°C and 5% CO2 in a humidified
incubator. All experiments were conducted on passage 18 cells. For
calcium imaging experiments, cells were subcultured on fibronectin-
coated (10 �g/ml; Sigma, St. Louis, MO) UV-transparent quartz
slides (76 � 26 � 1.6 mm) at 100,000 cells/slide. For PGE2 exper-
iments, cells were subcultured on fibronectin coated glass slides (76 �
48 � 1 mm) at 300,000 cells/slide. Fluid flow was applied 48 h after
subculture such that cells were 80–90% confluent at the time of
experimentation.

Fluid flow. Steady flow experiments were conducted by applying a
unidirectional steady flow to cells using a multislide parallel plate
flow chamber (Flexcell Streamer, Hillsborough, NC). A previously
described fluid flow device was used to deliver oscillatory fluid flow
to MC3T3-E1 osteoblastic cells (14). In brief, oscillatory flow was
driven by a Hamilton glass syringe in series with rigid walled tubing
and a parallel plate flow chamber. The syringe was mounted in and
driven by an electromechanical loading device (EnduraTec, Eden
Prarie, MN). The flow rate was monitored with an ultrasonic flow
meter (Transonic Systems, Ithaca, NY). In both the steady and
oscillatory flow cases, the flow rate was selected to yield peak shear
stresses of 1.2 Pa (12 dyn/cm2). For dynamic oscillatory flow, the flow
profile was sinusoidal at a frequency of 1 Hz. Flow media for all
experiments consisted of �MEM, 1% FBS, and 1% penicillin and
streptomycin.

Fluorescence microscopy. Following fluid flow, cells were fixed in
formaldehyde and incubated with 0.5 �M Alexa Fluor 488-conjugated
phalloidin (Molecular Probes, Eugene, OR) for 20 min. The cells were
rinsed twice with PBS before a 1:1 solution of glycerol and PBS was
applied to avoid evaporation. A glass coverslip was placed on the slide
before observation with an epifluorescent microscope (Eclipse TE-
300; Nikon, Melville, NY). To quantify the level of polymerized
F-actin in cells exposed to each flow profile, pixel intensity analysis
was performed following the subtraction of background values
(MATLAB; The MathWorks, Natick, MA).

PGE2 release. Immediately following 1 h of fluid flow exposure,
cell seeded slides were removed from the flow chambers, placed in
sterile petri dishes with 1 ml of fresh media, and returned to the
incubator for 1 h. Media samples were then collected and centrifuged
at 12,000 g to remove any particulate matter. Supernatant PGE2 levels
were measured using an enzyme immunoassay kit (Amersham Bio-
sciences, Piscataway, NJ). PGE2 levels were normalized to total
protein as determined by a BCA assay (Pierce, Rockford, IL). Phar-
macological agents (when utilized) were applied before and for the
duration of flow.

Calcium imaging. Real time intracellular levels of calcium were
quantified using a ratiometric imaging technique. Before flow expo-
sure, cells were incubated with 10 �M fura 2-AM (Molecular Probes)
for 30 min at 31°C (to reduce dye compartmentalization) then washed
with fresh �MEM and 1% FBS. Following fura 2-AM loading, the
cell seeded quartz slides were mounted in a parallel plate flow
chamber and fixed to the stage of a fluorescent microscope. For 30
min, the cells were left undisturbed. Fluorescent images were col-
lected for 3 min before flow began and for 3 min after flow was
initiated. All experiments were performed at room temperature to
reduce fura 2-AM dye compartmentalization. A responding cell was
defined by a transient increase in [Ca2�]i of at least four times the
maximum oscillation recorded during the 3-min preflow baseline
period. The percentage of responsive cells was expressed as the
fraction of the total number of cells observed that were classified as
having responded.

Pharmacological agents. Cytochalasin D (Sigma) was used to
inhibit actin polymerization. At low doses, cytochalasin D inhibits
actin polymerization by capping the barbed end of F-actin polymers,
while at high doses it will remove existing F-actin filaments (7). A
dose-response experiment was conducted to find a concentration
where actin polymerization was blocked, but cell adhesion, morphol-
ogy, and mechanical compliance were not drastically altered. Cells
were exposed to 5, 2, 0.5, and 0.1 �M cytochalasin D for 30 min.
After exposure, cells were either visually observed under flow or
stained for F-actin with Alexa Fluor 488 phalloidin as described
above. At concentrations �0.5 �M the cells were found to be too
compliant to tolerate flow without exhibiting gross deformation or
detaching. However, at 0.5 �M, we did not observe visible changes in
cell morphology; therefore, this concentration was used for subse-
quent experiments. Cells were exposed to cytochalasin D for 30 min
before flow and for the duration of flow exposure. Ninety minutes of
exposure (as occurs with the PGE2 experiments) at 0.5 �M did not
result in noticeable changes in morphology (data not shown). Thap-
sigargin (EMD Biosciences, San Diego, CA) was used to examine the
effects of emptying endoplasmic reticulum (ER) stores of Ca2� (5).
Cells were exposed to 50 nM thapsigargin for 30 min before and for
the duration of flow exposure. We found this protocol results in a
transient increase in intracellular Ca2�, which peaks at 7–10 min after
exposure, consistent with release from the endoplasmic reticulum.
After 30 min of thapsigargin exposure, intracellular calcium levels
returned to within 4.8 � 4.3% of normal levels (data not shown). In
other published reports, thapsigargin has been used to induce capac-
itative calcium entry and apoptosis. However, it should be noted that
these studies utilize much higher doses of the drug for longer periods
of time (8, 27). No evidence of cell death was observed with as much
as 2 h of exposure at the concentration utilized in this study. To
examine whether there was some effect of intracellular calcium that
did not originate from ER stores, we utilized BAPTA-AM, which is
taken up by cells and chelates free calcium ions. Cells were exposed
to 50 �M BAPTA-AM for 30 min before and for the duration of flow
exposure (28). In the case of multiple treatments, both protocols were
applied simultaneously.

Data analysis. For calcium imaging experiments, we quantified the
peak magnitude of response and the percentage of cells responding.
PGE2 data were normalized to total protein. Data are expressed as
means � SE. To compare observations from the calcium and PGE2

experiments, statistical analysis using one-way ANOVA and Fisher’s
protected least-significant differences test was utilized (Statview, SAS
Institute, San Francisco, CA). A significance level of 0.05 was
employed for all statistical analyses.

RESULTS

Oscillatory fluid flow does not induce stress fiber formation.
Application of oscillatory flow did not induce a large increase
in F-actin density compared with no flow controls (Fig. 1, A
and B). In contrast, the development of thick actin fibers,
consistent with the formation of stress fibers, was apparent in
cells exposed to unidirectional steady flow of the same peak
shear stress and duration (Fig. 1, C and D). In steady flow cells,
actin fibers were orientated parallel to the long axis of the cell
and present around the nucleus of the cells. However, no
observable relationship was found between the direction of
fluid flow and the orientation of actin fibers. For all cells shown
in Fig. 1, fluid flow was applied in the right-left direction. To
analytically determine if there was a difference in actin stress
fiber formation between no flow, oscillatory flow, and steady
flow groups, florescent pixel intensity measurements were
done on individual cells in each of these groups. Analysis of
image pixel intensity revealed that cells exposed to steady flow
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had 1.4� the average pixel intensity of no-flow controls (P �
0.05), whereas cells exposed to oscillatory flow exhibited no
difference in the pixel intensity compared with no-flow con-
trols (no flow � 65.5 � 1.2, oscillatory flow � 66.1 � 2.5,
steady flow � 98.9 � 2.4; n � 3 slides for all groups).

Inhibition of actin polymerization does not inhibit intracel-
lular calcium mobilization due to oscillatory fluid flow. To
determine a dose of cytochalasin D, which would inhibit actin
polymerization at the barbed end without causing depolymer-
ization of the entire actin cytoskeleton, a dose-response exper-
iment was conducted. When these cells were exposed to
oscillatory fluid flow, those treated with cytochalasin D con-
centrations in excess of 0.5 �M exhibited reduced adhesion,

abnormal cell morphology, and a tendency to undergo large
visible shear deformations with flow. At 0.5 �M cells retained
morphology, adhesion, and could withstand flow without large
deformation. However, actin staining demonstrated a clear
inhibition of polymerization, and after 30 min, compromise of
the actin cytoskeleton was evident (Fig. 2). When these cells
were exposed to oscillatory fluid flow, cells with impaired actin
polymerization exhibited increased calcium responses both in
terms of a greater average magnitude of intracellular calcium
concentration (Fig. 3) and a greater overall number of cells
exhibiting an intracellular calcium response (Fig. 4). Emptying
the cell’s ER-stored calcium with exposure to thapsigargin
completely blocked the calcium response to oscillatory fluid

Fig. 1. Change in F-actin organization of MC3T3-E1
osteoblastic cells in response to no flow control
(A and B), unidirectional steady flow (C and D),
and oscillatory flow (E and F) for 1 h. Only
application of steady unidirectional flow (C and D)
resulted in the reorganization of the actin cytoskel-
eton into distinct stress fibers.

Fig. 2. Treatment of cells with 0.5 �M cytochala-
sin D for 30 min resulted in inhibited actin poly-
merization and a compromised actin cytoskeleton.

C1832 ROLE OF ACTIN CYTOSKELETON

AJP-Cell Physiol • VOL 292 • MAY 2007 • www.ajpcell.org

Downloaded from www.physiology.org/journal/ajpcell at Univ of Toronto (142.150.190.039) on May 14, 2019.



flow, consistent with our previous work (29). When thapsigar-
gin and cytochalasin D were applied simultaneously, the Ca2�

response was again completely abrogated. Chelating intracel-
lular calcium using BAPTA-AM caused a significant decrease
in the percent of cells responding to fluid flow; however, the
inhibition was less than that observed with thapsigargin. When
BAPTA-AM and cytochalasin were applied simultaneously,
the calcium response was significantly less than the no drug
controls or cytochalasin alone but did not completely eliminate
the response (Fig. 4). The magnitude of the BAPTA-AM alone
and BAPTA-AM with cytochalasin responses were similar to
the no drug group and significantly less than the cytochalasin
alone group (Fig. 3).

Inhibition of actin polymerization does not inhibit PGE2

release. Cells with inhibited actin polymerization exposed to
1 h of oscillatory fluid flow also exhibited a threefold increase
in release of PGE2 compared with untreated cells (Fig. 5). The
addition of thapsigargin to the cytochalasin D treatment re-
duced the levels of PGE2 release to that of untreated cells
exposed to flow, whereas the addition of BAPTA-AM to the
cytochalasin treatment completely eliminated the flow-induced
increase in PGE2 (Fig. 5). Thapsigargin alone slightly reduced
PGE2 release compared with untreated cells while
BAPTA-AM completely eliminated the increase in PGE2. This
suggests that flow induced PGE2 release is independent of ER
stores of calcium in untreated cells but is dependent on some
other cellular or extracellular source of calcium, which is
blocked with BAPTA-AM. However, when the cell’s cytoskel-
eton is inhibited using cytochalasin, the observed dramatic
increase in PGE2 release is dependent on ER stores of calcium.
The discrepancy between the two calcium inhibitors suggests
that PGE2 release in cells with intact cytoskeletons is indepen-
dent of ER stores of calcium, yet does depend on some calcium
mobilization, while the actin disrupted cells produce PGE2

through a distinct molecular mechanism that requires the re-
lease of ER calcium.

DISCUSSION

The purpose of this project was to examine the effect of
loading-induced oscillatory fluid flow on the actin cytoskeleton
of bone cells as well as to determine the potential role of the
actin cytoskeleton in the release of PGE2 in response to flow.
It is generally accepted that the dynamic nature of activities of
daily living leads to oscillatory flow profiles in the pericellular
fluid. Furthermore, although it has been shown that steady flow
applied for a sufficient period of time results in densification of
the actin fiber network, we wanted to compare the effects of
steady flow vs. dynamic flow on actin dynamics. Because
adaptations in the actin network occur over a relatively long
time scale (greater than seconds), we felt that dynamic flow
might have quite different effects.

Indeed, we found that exposing cells to 1 h of oscillatory
fluid flow did not induce a dramatic densification of the actin
cytoskeleton. Although the same magnitude peak shear stress
(1.2 Pa) was applied in both the oscillatory and steady flow
experiments, only in the steady flow experiments did we
observe an increase in F-actin. Image intensity analysis con-
firmed this actin densification with steady flow and revealed
that steady flow resulted in 40% increase in florescent inten-
sity, which we believe corresponds to more total polymerized
F-actin. Previous studies (17, 19) have shown that unidirec-
tional steady flow induced actin stress fiber formation. Norvell
et al. (17) showed by quantifying insoluble actin levels that the
observed increase in stress fibers was not due to an increase in
total actin or a decrease in unbound actin and they concluded
that the increase in stress fibers was solely due to fiber
reorganization. These results appear contradictory to our find-
ing that image intensity is increased with steady flow. How-
ever, fluorescent image intensity analysis is potentially less
accurate than measurement of insoluble actin and direct com-
parison of these finding may not be appropriate. It is also

Fig. 4. The percentage of cells responding to flow was greater in cells with
cytochalasin D treatment than untreated control cells (P � 0.05; 58 � 11.5%
of control cells responded, 100 � 0% of cytochalasin D-treated cells re-
sponded; n � 3 slides). The percentage of cells responding to flow was
significantly less in cells with BAPTA-AM treatment (both with and without
cytochalasin) than untreated control cells (P � 0.05; 22 � 8% of BAPTA-AM
treated cells responded, 28 � 10% of BAPTA-AM plus cytochalasin-treated
cell responded). No cells were found to exhibit a calcium response to flow both
in the case of thapsigargin alone and thapsigargin applied simultaneously with
cytochalasin D. *P � 0.05, significant difference from untreated flow-exposed
cells (n � 3 slides for all groups).

Fig. 3. Cells treated with cytochalasin D had larger increases in intracellular
calcium concentration as measured by florescent intensity when exposed to
flow than untreated control cells or cells that had been pretreated with
BAPTA-AM (in the presence or absence of cytochalasin D) (ratio F340/380 �
0.71 � 0.09 for control, 1.2 � 0.04 for cytochalasin D treatment, 0.61 � 0.02
for BAPTA-AM treatment, 0.57 � 0.02 for BAPTA-AM plus cytochalasin
treatment). &P � 0.05, Treatment with thapsigargin completely blocked the
calcium increase both in the case of thapsigargin alone and thapsigargin
applied simultaneously with cytochalasin D. *P � 0.05, Significant difference
from untreated flow exposed cells (n � 3 slides for all groups).
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possible that our slightly higher flow rate resulted in increased
actin production or decreased levels of free cellular actin. In
terms of the effect of oscillatory flow on actin dynamics, the
dramatic increase in actin intensity observed with steady flow
was clearly absent. Qualitatively, the cells that were exposed to
oscillatory fluid flow appear visually similar to no flow controls
and quantitatively they had no significant increase in polymer-
ized F-actin as measured by individual cells’ florescent inten-
sity. It is possible that in cells exposed to oscillatory fluid flow
actin filament diameter was increased without an increase in
overall F-actin levels, which would not affect net intensity.
However, this could not be determined because fluorescent
images do not have sufficient resolution to distinguish changes
in filament number or diameter.

The F-actin reorganization observed in cells exposed to
steady flow may result from a cellular response that reinforces
the cell’s mechanical structure. That is, bone cells may produce
stress fibers to maintain morphology in response to a chronic
applied tension. However, for stress fiber formation to occur,
osteoblasts may need to experience a sustained deformation for
a greater duration than that experienced when exposed to 1-Hz
oscillatory flow. The viscoelastic properties of osteoblastic
cells have not yet been determined; however, the relaxation
time constant of 3T3 mouse fibroblasts cultured in monolayer
is 	0.1 s (3, 4), while the time constant of isolated chondro-
cytes has been reported to be 20–30 s (12, 25). For cells to
fully deform in response to flow, a force in one direction needs
to be applied for a substantially greater time period than the
cell’s relaxation time constant. If the flow reversal frequency
used (1 Hz) is close to or shorter than the viscoelastic time
constant for MC3T3-E1 cells, then cell reinforcement via

cytoskeletal reorganization may not be required to maintain
cell shape and deformations sufficiently large enough to initiate
cytoskeletal reorganization may not occur. Since we did not
observe F-actin reorganization in osteoblasts exposed to oscil-
latory flow, the observed stress fiber formation under unidirec-
tional steady flow may serve only to reinforce existing cy-
toskeletal elements involved in maintaining cell morphology.

Although we did not observe the dramatic increase in fila-
mentous actin with oscillatory flow exposure as was seen with
steady flow, the second goal of this work was to determine
whether altered actin polymerization dynamics play any role in
oscillatory flow-induced PGE2 release. Previous studies (10,
13, 16, 21) indicate that prostaglandins may play an essential
role in in vivo bone formation in response to mechanical
loading. The synthesis of PGE2 and its release in response to
mechanical loading by osteoblasts are dependent on the activ-
ity of the enzyme cyclooxygenase-2 (COX-2) (11). Both PGE2

release and COX-2 induction have been shown to increase with
the application of fluid flow to osteoblasts in vitro (9, 17). We
hypothesized that even though we did not observe F-actin
densification, changes in actin polymerization dynamics may
be involved in the PGE2 release of bone cells in response to
oscillatory fluid flow. To test this hypothesis we utilized a
concentration of cytochalasin D that inhibits actin polymeriza-
tion but does not result in changes in cell morphology and
gross cell deformation with flow. Interestingly, we found that
PGE2 release under these conditions was actually increased,
and furthermore, intracellular calcium mobilization was also
increased. This PGE2 data is consistent with Norvell et al. (17)
who reported that both PGE2 release and increased COX-2
expression due to steady flow do not require an intact cytoskel-
eton. In contrast, a different study reported that increased
COX-2 expression due to steady flow was blocked by disrupt-
ing the cytoskeleton D (18). While there is some discrepancy in
the literature, it appears that an intact microfilament network is
not necessary for PGE2 release. Nonetheless, our findings do
not eliminate the role of actin as a structural element that
transmits intracellular forces to the site of molecular transduc-
tion. Indeed, our results suggest that the flow-induced release
of PGE2 from cells with disrupted cytoskeletons occurs via a
distinct mechanism not activated in cells with intact cytoskel-
etons.

It is interesting to note that we found PGE2 release occurred
independently of the release of calcium from the ER but did
depend on intracellular calcium signaling since it was blocked
with BAPTA-AM. Furthermore, unlike cells with intact cy-
toskeletons, the increase in PGE2 release we observed in
cytochalasin D-treated cells was dependent on the release of
ER stores of calcium. When this calcium increase was blocked
with thapsigargin, PGE2 release with flow returned to that
observed in noncytochalasin D-treated cells. BAPTA-AM
completely abolished the flow-induced increase in PGE2 re-
lease with and without cytochalasin D treatment. Prior work
concluded that PGE2 release in response to oscillatory flow
occurs via a calcium-independent mechanism (22, 23) in cells
with intact cytoskeletons. Saunders et al. (22) showed that
inhibiting gap junctions reduced PGE2 release but had no effect
on intracellular calcium release. They also showed that ROS
17/2.8 cells, which do not experience a flow induced calcium
response, still exhibit flow induced PGE2 release (23). How-
ever, neither of these studies used BAPTA-AM to eliminate all

Fig. 5. Untreated cells that were exposed to 1 h of oscillatory flow had a 3.7 �
0.3 fold increase in PGE2 compared with untreated cells exposed to flow (P �
0.05). Cytochalasin D-treated cells had a 11.6 � 0.2 fold increase in PGE2

release compared with untreated no flow control cells (P � 0.05). The addition
of thapsigargin to the cytochalasin D treatment reduced the fold increase of
PGE2 release in response to flow to that slightly less than untreated cells
exposed to flow (2.8 � 0.1 fold increase for thapsigargin � cytochalasin
D-treated cells compared with untreated no-flow control cells; P � 0.05).
Thapsigargin alone had similar effects as no treatment (3.4 � 0.2 fold increase
over untreated no flow control cells; P � 0.05). BAPTA-AM cause a signif-
icant decrease in PGE2 release compared with no flow control cells regardless
of treatment with cytochalasin [0.2 � 0.02 fold increase (5-fold decrease) for
BAPTA-AM alone and 0.2 � 0.03 fold increase for BAPTA-AM � cytocha-
lasin (P � 0.05)]. *Significant difference from no flow. #Significant difference
from untreated flow exposed cells (n � 3 slides for all groups).
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sources of intracellular calcium. The level of intracelluar cal-
cium needed for PGE2 release in our study was below the
sensitivity of fura 2 imaging. Thus, it is possible that in these
prior studies the cells also underwent calcium flux at levels
undetectable by fura 2. In summary, PGE2 release due to
oscillatory fluid flow appears to be dependent on calcium flux
but is independent of the dramatic increase in intracellular
calcium from the ER stores. However, when the actin poly-
merization in MC3T3-E1 cells is disrupted by cytochalasin D
treatment, the dramatic increase in flow-induced PGE2 release
does involve the release of ER stores of calcium. This indicates
that distinct molecular mechanisms may be responsible for
these two types of PGE2 release.

We did not observe dramatic motion of the cells with flow at
the 0.5 �M concentration of cytochalasin D we used in this
study. Nonetheless, it is possible that although we did not see
a significant change in the cell morphology with cytochalasin
D treatment or gross deformation of the treated cells with flow,
blocking of actin polymerization for 30 min may have indeed
increased cellular compliance. Figure 2 demonstrates that the
cytochalasin D-treated cells did have a compromised actin
cytoskeleton and suggests cellular deformation was increased.
This increased deformation may have stimulated mechano-
transduction pathways not activated in cells with physiological
stiffness. The increased PGE2 release observed with cytocha-
lasin D treatment may involve influx of extracellular calcium
through stretch activated transmembrane ion channels causing
an increase in calcium-dependent PGE2 release. However, we
did not quantify cellular deformation with flow, which would
be required to definitively demonstrate that the cytochalasin D
treatment increased cellular compliance.

In summary, we found that while steady flow did induce
significant cytoskeletal reorganization and the formation of
stress fibers, exposing osteoblastic cells to 1 h of dynamic
oscillatory flow (1.2 Pa) did not. Blocking actin polymerization
did not inhibit the ability of the cells to respond to oscillatory
fluid flow with intracellular calcium mobilization or release of
PGE2. In fact PGE2 release was increased threefold in cells
with inhibited actin polymerization. We also found that this
increase in PGE2 release that occurs in cells with blocked actin
polymerization involved release of calcium from ER stores.
Therefore, we suggest that this increased PGE2 release in-
volves a distinct molecular mechanism perhaps involving in-
creased deformation that may occur in response to flow in the
actin inhibited cells.
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