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The Effect of Simulated Microgravity on Osteoblasts Is
Independent of the Induction of Apoptosis
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Abstract Bone loss during spaceflight has been attributed, in part, to a reduction in osteoblast number, altered gene
expression, and an increase in cell death. To test the hypothesis that microgravity induces osteoblast apoptosis and
suppresses the mature phenotype, we created a novel system to simulate spaceflight microgravity combining control and
experimental cells within the same in vitro environment. Cells were encapsulated into two types of alginate carriers: non-
rotationally stabilized (simulated microgravity) and rotationally stabilized (normal gravity). Using these specialized
carriers, we were able to culture MC3T3-E1 osteoblast-like cells for 1–14 days in simulated microgravity and normal
gravity in the same rotating wall vessel (RWV). The viability of cells was not affected by simulated microgravity, nor was
the reductive reserve. To determine if simulated microgravity sensitized the osteoblasts to apoptogens, cells were
challenged with staurosporine or sodium nitroprusside and the cell death was measured. Simulated microgravity did not
alter the sensitivity ofC3H10T-1/2 stemcells,MC3T3-E1osteoblast-like cells, orMLO-A5osteocyte-like cells to theaction
of these agents. RT-PCR analysis indicated thatMC3T3-E1 osteoblastsmaintained expression of RUNX2, osteocalcin, and
collagen type I, but alkaline phosphatase expressionwas decreased in cells subjected to simulatedmicrogravity for 5 days.
We conclude that osteoblast apoptosis is not induced by vector-averaged gravity, thus suggesting that microgravity does
not directly induce osteoblast death. J. Cell. Biochem. 102: 483–495, 2007. � 2007 Wiley-Liss, Inc.
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A marked and potentially debilitating reduc-
tion in bone mass is common after extended
time in space, a condition known as spaceflight
osteopenia [Mack et al., 1967; Vose, 1974;
Atkov, 1992; Oganov et al., 1992; Collet et al.,
1997]. Based on studies of other osteopenic
states, it is probable that spaceflight osteopenia
reflects both an increase in bone resorption by
osteoclasts and a decrease in bone formation
by osteoblasts [Caillot-Augusseau et al., 1998].
Evaluations of astronauts have shown that
markers of bone formation [procollagen type I
C-terminal fragment and bone alkaline phos-
phatase] are decreased during space flight

[Collet et al., 1997; Caillot-Augusseau et al.,
1998]. Spaceflight studies have also revealed
that isolated osteoblasts are directly sensitive
to changes in gravity [Guignandon et al., 1995;
Hughes-Fulford and Lewis, 1996; Carmeliet
et al., 1997, 1998; Guignandon et al., 1997;
Hughes-Fulford et al., 1998; Hughes-Fulford
and Gilbertson, 1999; Kumei et al., 1999; Sato
et al., 1999; Harris et al., 2000; Landis et al.,
2000; Hughes-Fulford et al., 2006]. Osteoblasts
cultured in microgravity are generally charac-
terized by a contracted morphology, a decrease
in cell number, a reduction in osteoblast-specific
gene expression, and a lowered response to
anabolic stimuli, relative to unit gravity con-
trols [Hughes-Fulford, 2002]. These observa-
tions have lent considerable support to the
hypothesis that microgravity causes bone loss
during spaceflight through a direct cellular
effect on the osteoblast. We and others have
proposed that bone loss may be a consequence
of osteoblast viability caused by the
activation of apoptosis [Bucaro et al., 2004;
Mukundakrishnan et al., 2004].
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Since the opportunities to test the apoptosis
hypothesis in spaceflight are rare, clinostats,
such as the NASA-engineered high aspect ratio
vessel (HARV) or other rotating wall vessels
(RWV) [Dai et al., 2004] have been used to
simulate microgravity [Kunisada et al., 1997;
Sato et al., 1999; Sarkar et al., 2000a,b; Granet
et al., 2001, 2002; Rucci et al., 2002; Yuge et al.,
2003; Nakamura et al., 2003b; Patel et al.,
2007]. By dynamically changing the orientation
of cells with respect to gravity, clinostats time-
averaged the gravitational field to near zero
over each revolution (vector-averaged gravity),
thus effectively negating the influence of
gravitational sedimentation [Sievers and
Hejnowicz, 1992; Klaus, 2001]. These studies
have generated considerable confusion and
conflicting results. For example, Sarkar et al.
[2000a,b] and Rucci et al. [2002] reported
that viability was substantially reduced in
osteoblasts under clinorotation for 24 h, and
furthermore, they reported that loss of viability
was due to increased apoptosis. In contrast, our
laboratory [Bucaro et al., 2004] has, in agree-
ment with Nakamura et al. [2003a], reported
that following several days of clinorotation, cell
viability was unaffected. However, we did
observe that cells subjected to clinorotation
were compromisedmetabolically andweremore
susceptible to apoptogens [Bucaro et al., 2004].
A significant problem inground-based studies is
that each system subjects cells to stimuli that
could confound the effects of simulated micro-
gravity, most importantly, fluid flow induced
shear stresses, vibration, and convective mix-
ing. The divergent results reported highlight
the need to control for these extraneous factors.

We have developed a newmethod to evaluate
the effects of vector-averaged gravity on osteo-
blasts that addresses the concerns stated above.
Herein, we describe a novel system that allows
control osteoblasts to be cultured in normal
(unit) gravity within the same HARV as cells
experiencing simulated microgravity (vector-
averaged gravity). For this purpose, control
cells are contained within rotationally stabi-
lized carriers that do not spin in the HARV.
These cells are maintained in normal gravity
conditions, whereas cells cultured in non-rota-
tionally stabilized carriers, that freely spin in
the HARV, experience vector-averaged gravity.
Thus, it is possible to control for the extraneous
factors, inherent to HARV culture, whichmight
predispose osteoblasts to apoptosis. Using this

system, we tested the hypothesis that vector-
averaged gravity increases the induction of
osteoblast death.We show that vector-averaged
gravity in the absence of extraneous factors did
not affect the viability of the cells nor increase
their sensitivity to common apoptogens.

MATERIALS AND METHODS

System Design

We fabricated two types of alginate beads to
support osteoblast culture in the HARV: rota-
tionally stabilized and non-rotationally stabi-
lized carriers, designated polar and non-polar
carriers, respectively. The non-polar carriers
were free to spin about their own axes in the
HARVwhile polar carriers remain in a constant
orientation. The centers of buoyancy and grav-
ity coincide in the non-polar carriers, giving
them no preferred orientation (Fig. 1A). As the
HARV rotates, non-polar carriers spin on their
own axis (Fig. 1B) due to the near-solid body
motion of the medium. Polar carriers are
created with a buoyant pole that imparts
rotational stability. These carriers have a
preferred orientation due to the separation
between the centers of gravity and buoyancy
(Fig. 1C) and, therefore, overcome the forces
exerted by medium and do not spin about their
own axes (Fig. 1D). Accordingly, as the HARV
rotates, cells in non-polar carriers are subjected
to vector-averaged gravity while cells in polar
carriers remain in normal gravity conditions.

Generation of Alginate Carriers

Alginate carriers were created using a mod-
ified electrostatic generator based on a pre-
viously described method [Klokk and Melvik,
2002]. The device included a tapered stainless
steel needle, a glass tubingport, a gelling bath, a
variable power supply, and a syringe pump
[Klokk and Melvik, 2002]. A schematic of the
generator is shown in Figure 1E. MC3T3-E1
cells were suspended in DMEM supplemented
with 10% fetal bovine serum, and mixed with
alginate (Ultra Pure MVG isolated from
laminaria hyperborean) (NovaMatrix-FMC
BioPolymer, Philadelphia, PA) to produce a 1%
alginate (w/v) solution containing 2� 106 cells/
ml. Droplets were formed by extruding the
alginate-cell suspension through the 18-gauge
needle at a rate of 100ml/h. Upon entry into the
cross-linking bath (25 mM CaCl2, 112 mM
NaCl), the alginate droplets polymerized,
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encapsulating the cells inside spherical
alginate carriers. The presence of competing
sodium cations was used to reduce radial
inhomogeneity in the polymerization of the
carriers [Skjak-Braek et al., 1989]. A large
volume (400 ml) gelling bath was used to limit
changes in ion concentrations as carriers were
formed. The sphericity of the carriers was
maintained by reducing the surface tension of
the gelling bath. This was achieved by stirring
the gelling solution and positioning the entry
point of the droplet midway between the vortex
and the outer edge of the bath. This method
was used to produce non-polar carriers. Polar
carrierswere generated by blowing hollow glass
particles, as an aerosol, across the path of the
droplets. The glass particles embedded on
one side of the carriers created a buoyant pole.
The carriers were removed from the cross-
linking bath after 15min and rinsed three times
in 150 mM NaCl. Polar and non-polar carriers
were created together in a single batch. The
carriers were then incubated overnight (12–
18 h) in DMEM supplemented with 10% fetal
calf serum in 5%CO2�95%air at 378Candused
the following day.

Analysis of the Trajectory and Spin of
Alginate Carriers in the HARV

The spin and trajectory of the carriers was
measured by direct observation in the HARV
using a high magnification video camera
(Canon, Inc., Lake Success, NY). To analyze
the spin and trajectories of individual carriers,
the camera was mounted in an assembly that
rotated in unison with the HARV, thereby
allowing it to track the orientation of individual
carriers. The video was then uploaded to a
computer and the orientation of the carrierswas
measured by frame analysis. To assess the
influence of carriers on each other, the experi-
ment was repeated with large numbers of
carriers. The trajectories were measured in
the same way.

Culture of Osteoblast-Like Cells in
Vector-Averaged Gravity

Approximately 25 polar and 25 non-polar
carriers containing cells were cultured together
in a single HARV (USA Synthecon, Inc.,
Houston, TX). All carriers weremade positively
buoyant by increasing the density of the culture
medium with Ficoll 400 (Sigma–Aldrich Corp.,

Fig. 1. A–D: Schematic of forces that control the spin of
alginate carriers in the rotating HARV. The carriers are designed
so that the forces of gravity (Fg) and buoyancy (Fb) are nearly
balanced. As such, the carriers move in near solid body rotation
with the fluid in the HARV. In a radially symmetric carrier, the
center of buoyancy coincides with the center of gravity (A). Such
non-polar carriers have no preferred orientation, and therefore,
spinwith theHARV’s rotation. The theoretical spinof a non-polar
carrier over one revolution of the HARV is shown in time-lapse
(B). The arrow on the carrier indicates its orientation at each
phase of the rotation. In the polar carrier, the forces of gravity (Fg)
and buoyancy (Fb) are also nearly balanced.However, due to the
presence of a buoyant pole on the carrier, they do not coincide,
giving the carrier a preferred orientation (C). These polar carriers
resist rotation and therefore resist spinning as the HARV turns.
The theoretical stable orientation of a polar carrier over one
revolution of the HARV is shown in (D). As the HARV rotates,
non-polar carriers are subjected to vector-averaged gravitywhile
polar carriers remain in normal gravity conditions. E: Cross-
sectional diagram of the system used to encapsulate cells into
non-polar and polar alginate carriers. The alginate-cell suspen-
sion (1% alginate, 2�106 cells/ml) was extruded by a syringe
pump (100ml/h) through an 18-gauge needle. Droplets released
from the needle tip polymerized in the CaCl2/NaCl bath forming
carriers seededwith cells. The gelling bath was stirred to prevent
the carriers from deforming upon entry. This process was used to
form non-polar carriers of uniform size and sphericity. To form
polarized carriers, aerosolized hollowglass particleswere blown
across the drop path. The glass particles were incorporated into
the surface of the carriers upon polymerization.
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St. Louis, MO). Ficoll was dialyzed prior to use
(300 kd molecular weight cut-off for 4 days),
filter sterilized, and added to the medium to
produce a final concentration of 4% (w/v). In a
preliminary experiment, confocal microscopy
demonstrated that fluorescently labeled Ficoll
was mostly excluded from the interior of the
alginate carriers (data not shown). Further-
more, to ensure that this agent did not influence
osteoblast viability, biocompatibility was ver-
ified biochemically (data not shown). TheHARV
was loaded with the carriers and filled with
media (DMEM, 10% fetal calf serum, 4% Ficoll)
and air bubbles were removed. The vessel was
then rotated at 15 rpm for 24 h at 378C in 5%
CO2. A rotational speed of 15 rpm was chosen
as previous studies have shown measurable
changes in cell function at equal or lower speeds
[Kunisada et al., 1997; Sato et al., 1999; Rucci
et al., 2002; Ontiveros and McCabe, 2003;
Nakamura et al., 2003b; Bucaro et al., 2004].
The use of higher rotational speeds was avoided
due to generation of sizeable centrifugal forces.
In each experiment, the carriers were moni-
tored visually to ensure that polar carriers did
not spin about their own axes while undergoing
rotation in the HARV. At the end of this
period, the carriers were sorted into polar and
non-polar populations and the resident cells
analyzed.

Measurement of Osteoblast Gene
Expression by RT-PCR

MC3T3-E1 osteoblast-like cells were isolated
from carriers by solubilization of the alginate in
a solution of 25 mM sodium citrate, 10 mM
EDTA,115mMNaCl, pH7.4at 378C, for 15min.
Osteoblasts were collected by centrifugation.
RNA was isolated from the cell pellet and
purified using QIA shredder and RNAEasy
protect kits (Qiagen, Valencia, CA) according
to the manufacturer’s instructions. RT-PCR
was performed using Ready-To-Go RT-PCR
beads (Amersham Biosciences Corp., Piscat-
away,NJ),which included pre-portioned buffer,
nucleotides, and Taq polymerase. Temperature
cycling was as follows: cDNA synthesis 30 min
at 428C, initialmelt 4min at 948C, amplification
cycle (1 min at 948C, 1 min at 558C, 2 min at
728C), 10 min 728C, >2 min at 48C. Genes
analyzed include RUNX2 (f:GCGTATTT
CAGATGATGACA, r:TACCATTGGGAACTG-
ATAGG), osteopontin (f: TCCTCTGAAGAAA-

AGGATGA, r:CTTCATGTGAGAGGTGAGGT),
osteocalcin (f:CTCTCTGACCTCACAGATGC,
r:TGCTGTGACATCCATACTTG), collagen 1a
(f: TTGATCTGTATCTGCCACAA,:GCTGATT-
TTTCATCATAGCC). Bcl2 (f:GACCCGTGTC-
TATGGATTTA, r:TGAAATATCAACCACAG-
CAA) Bax (f:GAGATGAACTGGACAGCAAT,
r:ATCTTCTTCCAGATGGTGAG)Alkalinephos-
phase f:GCTTTAAACCCAGACACAAG, r:GC-
AGTAACCACAGTCAAGGT). Both GAPDH (f:
CTCACTCAAGATTGTCAGCA, r: GTCATCA-
TACTTGGCAGGTT), and theQuantumRNATM

universal 18S internal standard (Ambion, Inc.,
Austin, TX) were amplified independently as
controls.

Measurement of Cell Viability

The viability of the three types of cells after
culture in the HARV was determined by
measuring the conversion of a tetrazolium salt
(MTT) (Sigma–Aldrich) to formazan. Carriers
were loaded with C3H10T1/2 pluripotential
cells, MC3T3-E1 osteoblast-like cells, and
MLO-Y4 and MLO-A5, osteocyte-like cells.
Cells in the carriers were incubated with
0.5 mg/ml MTT in serum-free DMEM for 3 h at
378C/5%CO2. The carriers were rinsed inNaCl,
and polar and non-polar carriers were sorted
under a dissecting scope and placed into
separate 1.5 ml eppendorf tubes. To dissolve
the alginate, the carriers were treated with 55
mM sodium citrate, 100 mM NaCl for 10 min.
The cells were then pelleted by centrifugation
and resuspended in 200 ml DMSO.MTT activity
was measured using a plate reader (Tecan
Group Ltd., Maennedorf, Switzerland). To
evaluate the effect of microgravity on the
induction of apoptosis by known apoptogens
following culture in the HARV for 1 day, the
carriers were harvested and then treated with
staurosporine (0.1–1.0 mM) or sodium nitro-
prusside (0.05–0.50 mM) in serum-free medium
for 12 h in a static culture. Following this
apoptogen treatment, MTT activity was
recorded as described above to determine if cell
viability was affected. Controls for this study
included cells treated with serum-free medium.
DNA content was measured spectrofluorome-
trically from cell lysates using PicoGreen
(Molecular Probes, Inc., Eugene, OR). Statisti-
cal analysis was carried out using one-way
analysis of variance (ANOVA) followed by the
Tukey multiple comparison procedure.

486 Bucaro et al.



Quantification of Live/Dead Cells

To determine the percentage of live and dead
cells within the alginate carriers, MC3T3-E1
osteoblast-like cells were evaluated by confocal
microscopy using fluorescent probes. 5-chloro-
methylfluorescein diacetate (CellTracker Green)
was used at 10 mM and propidium iodide was
used at 10 mg/ml. CellTrackerGreenwasused to
identify viable cells and propidium iodide was
used to label dead or dying cells. After incuba-
tion with the dyes for 5 min, the cells were
imaged with an Olympus Fluoview confocal
microscope. Optical image stacks were taken at
5 mmsteps to a depth of 100 mm, and rendered as
an overlay.

RESULTS

Characterization of Encapsulated Osteoblasts

The electrostatic bead generator produced
spherical carriers with average diameter of

approximately 2 mm. There was no obvious
difference in the size or the sphericity of the
polar and non-polar carriers. Figure 2A shows a
dark-field image of both a non-polar and a polar
carrier. MC3T3-E1 cells are dispersed homo-
geneously within both carriers and the hollow
glass particles can be seen on the surface of the
polar carrier. Carriers were sorted into polar
and non-polar by the presence of glass particles
for evaluation of cell number and viability. The
number of cells per carrier and cell viability
were measured by assessing the DNA content
(Fig. 2B) and the MTT activity (Fig. 2C) of cells
from individual carriers. These assays revealed
that there was no statistical difference either of
these measurements for polar and non-polar
carriers at the time of formation. To evaluate
the long-term effects of culture prior to perform-
ing microgravity studies, cells in polar and non-
polar carriers were maintained in a single
culture dish for 5 days in static conditions, and
then incubated with 5-chloromethylfluorescein

Fig. 2. Uniformity of carriers and maintenance of MC3T3-E1
viability, thiol status, and osteoblast-specific gene expression.
A: Photograph of a non-polar (left) and a polar carrier (right)
containing MC3T3-E1 cells. Note the similarity in diameter,
sphericity, and cell distribution. The upper pole of the polar
carrier (right) is coated with buoyant glass particles (white).
B–C: Quantification of cell number per carrier. (B) DNA content
of individual carriers was measured using the PicoGreen assay
(n¼11). (C) Cell number was also evaluated by determination of
theMTT activity of cells within the carriers (n¼6). Standard error
is shown by error bars. The figure shows that a consistent number
of cells were encapsulated into each carrier. Note that there was
no significant difference in cell number between polar and non-

polar carriers (P< 0.05). D: Thiol status of the cells in long-term
culture. After encapsulation, cells were cultured for 5 days in
static culture and incubated with CellTracker to evaluate thiol
status. The extended focus confocal image stack (100 mm depth)
shows that in both polar and non-polar carriers, the majority of
the cells were positive for CellTracker (left). Brightfield image
(right) shows a polar carrier (upper) with glass particles and
a non-polar carrier (lower). E: Osteoblast gene expression in
alginate encapsulated osteoblasts. The expressionof RUNX2and
osteocalcin was assessed by RT-PCR after 5 days. The expression
of both RUNX2 and osteocalcin was maintained in cells
independent of carrier type.

Vector-Averaged Gravity Does Not Induce Osteoblast Apoptosis 487



diacetate (CellTracker Green). The fluorescent
product is retained within viable cells and
provides information on the thiol redox status.
Confocal image stacks (100 mm depth) of polar
and non-polar carriers were generated and
juxtaposed with the reflected light image
(Fig. 2D). The majority of cells in both polar
and non-polar carriers were positive for Cell-
Tracker, indicating that the cells preserved
their thiol redox and survived in the alginate
matrix. RT-PCR of the osteoblast-specific gene
expression of MC3T3-E1 cells cultured in
alginate carriers for 5 days demonstrated
that the cells maintain osteoblast-specific gene
expression (Fig. 2E). RUNX2 and osteocalcin
were robustly expressed in both polar and
non-polar carriers, relative to GAPDH.

Trajectory and Spin of Carriers

The trajectory of the carriers within the
HARV was recorded using a video camera
mounted in front of a spinning HARV and the
location tracked by video analysis. The mea-
sured trajectories demonstrate that the carriers
quickly stabilize in positions that prevent their
collision with the walls of the HARV (Fig. 3).
These empirical findings correlate generally
well with the results of a numerical simulation
of a single carrier in the HARV.

The spin of the carriers was analyzed using
high magnification video recorded with a cam-

era that moved in unison with the HARV’s
rotation. Spin was measured by tracking the
position of a neutrally buoyant opaque particle
inside each carrier. Since the camera rotated
with theHARV, it was necessary to subtract the
camera’s rotation to display the instantaneous
orientation of the carriers as seen by a labora-
tory observer. The series of frames shown
capture each carrier’s spin about its own axis
during one revolution of the HARV (Fig. 4). The
frames depicting the behavior of a polar carrier
show that as the HARV rotates, the orientation
of the carrier remains unchanged (Fig. 4A). The
buoyant pole canbe seenalways at the top endof
the carrier. Frames depicting the behavior of a
non-polar carrier show that the carrier under-
goes a counter-clockwise rotation, spinning
essentially at the same rate as the HARV
(Fig. 4B). The sine of the angle of rotation of
the polar and non-polar carriers is shown
without correction for the rotation of the camera
(Fig. 4C). Since the data is in the rotating frame
of reference (not corrected for the camera/HARV
rotation), the plot for the polar carrier mimics
the rotation of the HARV. The plot for the non-
polar carrier shows that, although there is a
randomized but slight departure from absolute
vertical stability, there is dynamic stabilization
in the rotating frame of reference. The same
datawas corrected for the rotation of the camera
to display the rotations of a polar carrier and a
non-polar carrier in the inertial frame of
reference (Fig. 4D). The non-polar carrier spins
at nearly the same rate as the HARV while
the polar carrier exhibits little variation in its
orientation. The data demonstrate that polar
carriers maintain a stable orientation, while
non-polar carriers spin on their horizontal axis
in near unison with the HARV’s rotation.
Therefore, over each revolution of the HARV,
the time-averaged gravity vector is approxi-
mately unit gravity for the polar carrier and
close to zero for the non-polar carrier. These
results were consistently observed in several
independent studies performed with HARV
speeds ranging from 3 to 15 rpm.

Effect of Vector-Averaged Gravity on
Osteoblast Viability and Gene Expression

To determine if vector-averaged gravity
modulated gene expression, MC3T3-E1 cells
were cultured in the HARV for 5 days and then
subjected to RT-PCR analysis. No differences
were observed for the expression of RUNX2,

Fig. 3. Analysis of the trajectoryof the carriers in theHARV.The
actual trajectories of alginate carriers were recorded using a
camera that rotated in unison with the HARV. A representative
trajectory is plotted in the rotating frame of reference. The
actual trajectory closely followed the path predicted by direct
numerical simulation, never collidingwith thewall of theHARV.
After 6min, the carrier reached a stable region in theHARV, from
which it did not deviate (gray). The carrier shownwas tracked for
48 h. This study was repeated with polar and non-polar carriers.
All carriers followed a similar trajectory.
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osteopontin, osteocalcin, or collagen1 relative to
the level of 18S ribosomal subunit (Fig. 5).
Furthermore, we detected no changes in the
expression of the pro-apoptotic gene, Bax, or
the anti-apoptotic gene, Bcl-2. A decrease in
the expression of alkaline phosphatase was
detected in cells cultured in non-polar carriers
relative to polar carriers. This is consistent
with observations made following spaceflight
studies [Collet et al., 1997; Caillot-Augusseau
et al., 1998]. Control experiments demonstrated
that cells maintained in static culture in polar

and non-polar carriers did not show any
evidence of differences in expression of these
genes (data not shown). To determine if vector-
averaged gravity induced cell death, the cells
were monitored for viability using the MTT
assay. Polar and non-polar carriers, both in the
HARV and in static culture, did not show any
evidence of a difference in MTT activity at both
day 1 and day 5 (Fig. 6A,B). To determine if
longer exposure to vector-averaged gravity
affects cell viability, the culture time was
extended to 2 weeks and the fetal calf serum

Fig. 4. Spin of polar and non-polar carriers in the HARV. A
video camera was mounted to the front face of the HARV to
monitor individual carriers. Frame by frame analysis was
performed to determine the spin of the carriers. Blue dextran
was used to aid in visualizing the carriers and orientation was
measured bymonitoring the position of an opaque particle in the
carrier. Frames from a single revolution of the HARV of a polar
carrier (A) and a non-polar carrier (B) were corrected for the
rotation of the camera. The polar carrier does not spin and
therefore is in normal gravity conditions. The non-polar carrier
rotates on its horizontal axis at a constant angular velocity at the

same rate as the HARV. C: The sine of the angle of rotation of a
polar carrier and a non-polar carrier that have not been corrected
for the rotation of the camera is plotted versus time. The plot for
the polar carrier in the rotating frame of reference mimics the
rotation of the HARV. The plot for the non-polar carrier in the
rotating frame of reference shows that it is synchronized with the
HARV’s rotation, but is characterized by some small, unpredict-
able spin. D: The angle of rotation, corrected for the rotation of
the HARV is plotted versus time. Note that the non-polar carrier
spins at the same rate as the HARV rotates. The polar carrier does
not spin with the HARV.
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concentration was reduced to 1%. At the end of
2 weeks, no significant differences in MTT
activity were observed between polar and non-
polar carriers (Fig. 6C).Moreover,when stained
with CellTracker Green and propidium iodide,
no differences were observed in the number of
propidium iodide orCellTracker positive cells in
the polar and non-polar carriers (Fig. 6D).

While the results of the studies described
above indicate that vector-averaged gravity
does not directly induce osteoblast cell death,
the possibility remained that it could exacer-
bate their sensitivity to apoptogens. To assess
sensitivity, osteoblasts representative of differ-
ent stages of the differentiation pathway were
each cultured in the HARV in polar and non-
polar carriers for 1 day, and then treated with
low levels of the known apoptogens, stauros-
porine (0.1–1.0 mM) or sodium nitroprusside
(0.05–0.50 mM), in serum-free medium over-
night. When maintained in the polar and
non-polar carriers, no differences in the in per-
centage of dead cells were detected (Fig. 7A,B).
Accordingly, exposure to both staurosporine

and sodium nitroprusside produced the same
dose-dependent increase in cell death. The
osteocyte-like MLO-A5 cells (provided by Dr.
LindaBonewald), (Fig. 7C,D) and the osteoblast
progenitor-like C3H10T-1/2 cells, (Fig. 7E,F)
which maintain the ability to commit to a
number of pathways also showed no significant
differences in cell death when maintained in
polar or non-polar carriers. Another osteocyte-
like cell line, MLO-Y4 cells (provided by Dr.
Linda Bonewald), produced similar results to
those presented for MLO-A5 cells (data not
shown). These results clearly indicate that
vector-averaged gravity does not sensitize cells
at different stages of the osteoblast lineage to
the activation of programmed cell death.

DISCUSSION

The primary objective of this investigation
was to address the hypothesis thatmicrogravity
directly induces osteoblast apoptosis, using
clinorotation (vector-averaged gravity) to simu-
late aspects of microgravity. Cognizant of the
drawbacks associated with the use of conven-
tional clinostats, we designed a novel system in
which osteoblasts were embedded in alginate
carriers. By using rotationally stabilized carri-
ers, we were able to control for extraneous
factors such as fluid flow-induced shear stress,
vibration, and convective mixing in the HARV.
Using video microscopy, we confirmed the
clinorotation of the carriers and ascertained
their trajectories were free from collisions with
the wall of the HARV. In contrast to previous
studies, we found that vector-averaged gravity,
even for extended time periods, did not reduce
osteoblast viability (MC3T3-E1 cells). Further-
more, neither osteoblasts, nor progenitor-like
cells, nor osteocyte-like cells were sensitized to
apoptogens by exposure to vector-averaged
gravity. We observed some differences in the
phenotypic expression of these cells; specifi-
cally, RT-PCRanalysis indicated that therewas
a decrease in alkaline phosphatase expression
in simulated microgravity. These findings
suggest that vector-averaged gravity alone is
insufficient to induce or modulate the suscept-
ibility of osteoblasts to agents that induce
apoptosis.

The new carrier culture system was designed
to minimize confounding factors that might
exacerbate cell death. Alginate encapsulation of
the cells served several critical functions. First,

Fig. 5. Expression of osteoblast-specific genes in vector-
averaged and normal gravity. Cells in polar and non-polar
carriers were cultured in the HARV for 5 days, sorted, and
subjected toRT-PCR.Cells fromboth carrier typeswere analyzed
for the expression of RUNX2, osteopontin (OPN), osteocalcin
(OCN), collagen 1a (COL1), Bcl2, Bax, and alkaline phosphatase
(ALP2). The same expression levels for RUNX2, OPN, OCN,
COL1,Bcl-2, andBax relative to 18S,were observed in cells from
both carrier types. The expression of alkaline phosphatase was
substantially lower in non-polar carriers relative to polar carriers,
indicating that its expressionwas suppressed by vector-averaged
gravity.

490 Bucaro et al.



since the cells were inside of the carriers, they
were protected from the effects of collisionswith
other carriers and with the walls of the HARV.
Second, cells were shielded from the fluid flow
present on the surface of the carriers while
receiving sufficient nutrient supply, due to the
lowpermeability andhighdiffusivity of alginate
beads, respectively [Amsden andTurner, 1999].
Third, alginate encapsulation provided a three-
dimensional scaffold that supported the differ-
entiated phenotype [Majmudar et al., 1991].
Inside the carriers, cells maintained normal
metabolic activity and expressedkey osteoblast-
specific genes, as evidenced by biochemical
assessments andRT-PCR. Finally, of particular
significance to the studies reported herein,

dying cells were not lost during the culture
period since all cells were confined within the
alginate carriers.

The most significant advancement in our
system was the use of rotationally stabilized,
polarized carriers to culture cells in normal
gravity conditions in the HARV. This approach
ensured that the effects observed were due
to vector-averaged gravity, and were not con-
founded by other factors. The problem of
adequate controls for extraneous stimuli has
been addressed by others. For example, to
control for shear forces and vibration, Sarkar
et al. [2000a,b] cultured control (normal grav-
ity) cells in a clinostat with a vertical axis of
rotation. While this approach has advantages

Fig. 6. Viability of MC3T3-E1 cells in vector-averaged gravity.
A, B: Cells in polar and non-polar carriers were cultured in the
HARV in 10% serum for 1 day (A) or 5 days (B). TheMTT activity
of the cells in polar and non-polarwasmeasured at the end of the
culture period. In both experiments, no significant differences in
viability were observed between polar and non-polar carriers,
indicating that vector-averaged gravity did not induce cell death.
C, D: Cells in polar and non-polar carriers were cultured in 1%
serum for 2 weeks in vector-averaged gravity and normal gravity

and viability was determined by the MTT assay (C) and
CellTracker staining (D). No significant difference was noted in
the MTT activity of the polar and non-polar cells. [CellTracker
(green) fluorescence indicates viable cells and propidium iodide
(red) fluorescence indicates dead or dying cells with permeable
membranes.] No difference in CellTracker positive and propi-
dium iodide positive fluorescence was observed between cells
in polar (left) and non-polar carriers (right) (Bars indicate means
and standard errors).
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over static controls, there are a number of
shortcomings. For example, it is not clear if
fluid flow-induced shear forces could play a role
in the detachment of cells from the substrate.
Additionally, the fluid dynamics may generate

differential shear forces in the vertical and
horizontal configurations due to asymmetries,
such as air bubbles. The system described
herein, using encapsulation of the cells to
minimize shear forces and the use of polar

Fig. 7. Sensitivity of osteblast-like cells (MC3T3-E1) (A–B),
osteocyte-like cells (MLO-A5) (C–D), andC3H10T1/2 pluripotent
stem cells (E–F) to apoptogens after culture in vector-averaged
gravity. After 24 h culture in the HARV, cells were challenged
overnight with staurosporine (A, C, E) and sodium nitroprusside
(B, D, F) and viability was determined by the MTT procedure. For

each apoptogen, a dose dependent reduction inMTT activity was
observed.However, no significant differenceswere seen between
polar and non-polar carriers at any of the doses for any cell type.
MLO-Y4cells showed similar results to the data presented here for
MLO-A5 cells. Results are normalized to serum-free controls (Bars
indicate means and standard errors).
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carriers to maintain osteoblasts in normal
gravity, provides a more controlled approach
to evaluate the effects of vector-averaged grav-
ity. Furthermore, use of a single HARV to co-
culture the cells in vector-averaged gravity and
normal gravity simultaneously, eliminates
many of the variables that characterized earlier
experimental systems. It should be noted that
the morphology of the osteoblasts in alginate is
distinctly different from that on flat substrates
which may influence the effects of vector-
averaged gravity.
The influence of vector-averaged gravity on

cell survival was evaluated using three assays.
First, following culture in vector-averaged
gravity, the MTT assay was used to assess cell
viability. The viability of osteoblasts cultured in
vector-averaged gravity was the same as cells
maintained in normal gravity, even during
extended cultures of 14 days in reduced serum.
Second, following culture, the cells were stained
with CellTracker (5-chloromethylfluorescein
diacetate), an indicator of intracellular glu-
tathione S-transferase activity of the cultured
cells. No difference was observed in the activity
of this enzyme and, by inference, the thiol redox
status of the cells. Finally, a challenge with two
apoptogens failed to show any difference in the
sensitivity of cells maintained in normal or
vector-averaged gravity environments to the
induction of cell death. Therefore, vector-aver-
aged gravity does not cause osteoblast cell
death, or change their sensitivity to well
characterized apoptogens. As we utilized cells
at three differentiation stages,we can state that
modulation of sensitivity to apoptogens by
gravitational conditions is not maturation-
dependent. None of these studies provided any
support for the hypothesis that vector-averaged
gravity affects osteoblast survival.
The results of the biochemical studies are

appreciably different from those described by
other workers. For example, Rucci et al. [2002]
reported that there were elevated levels of
alkaline phosphatase expression and activity,
and raised expression of osteopontin, osteocal-
cin, and BMP-4 in RWV studies. Furthermore,
nucleosome-size fragmentation was observed,
although p53, bcl-2/bax, and caspase 8 path-
ways were not activated [Rucci et al., 2002].
Nakamura et al. reported, using human osteo-
blastic cells that expression of differentiation
markers and the ratios of Bax/Bcl-2 mRNA
levels were significantly increased in vector-

averaged gravity cells, relative to cells
cultured in static conditions. However, no
changes in proliferation or apoptosis were
observed [Nakamura et al., 2003a]. It should
be noted that all of the above observations were
made relative to static cultures, and therefore,
did not fully account for extraneous factors
present in themicrogravity cultures. In another
study, Sarkar et al. [2000b] noted that 35% of
ROS 17/2.8 cells under clinorotation (50 rpm)
had detached from the surface or underwent
apoptotic death after 24 h.

The importance of adequate control is also
evident from our earlier study on osteoblasts
cultured in vector-averaged gravity [Bucaro
et al., 2004]. In that study, the cells were
embedded in alginate carriers and cultured in
the HARV. However, normal gravity control
cells were maintained in static culture, and
therefore, we were unable to control for the
other extraneous factors present in the HARV
thatmay serve to exacerbate cell death. In these
experiments, although osteoblasts remained
viable after culture in vector-averaged gravity,
we noted an increase in sensitivity to apoptogen
treatment relative to static controls. We also
observed a generalized reduction in osteoblast-
specific gene expression. In contrast, the experi-
ments described in the present study, which
accounted for variables introduced by culture in
the HARV, demonstrated no effects on viability
or the expression of bone-specific genes, with
the exception of alkaline phosphatase. Thus, we
conclude that in awell-controlled system, over a
long culture period, vector-averaged gravity
(15 rpm) does not induce cell death, influence
the metabolic state of the cells or generally
inhibit expression of the mature osteoblast
phenotype.

A mechanistic understanding of bone loss
during spaceflight is needed for the develop-
ment of countermeasures and may provide
insights into the pathologies of other osteopenic
states. Although skeletal unloading undoubt-
edly provokes bone loss in space [Carmeliet
et al., 2001; Bikle et al., 2003; Yuge et al., 2003],
in-flight countermeasures aimed at restoring
normal skeletal loads through exercise have
shown limited success in preventing osteopenia
[Rambaut and Johnston, 1979; Convertino,
1996]. This suggests that in addition to the
effect of unloading on bone, there may be direct
effects ofmicrogravity on the cells of bone. Space
flown studies on isolated osteoblasts have
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shown a broad array of responses of these cells
to microgravity, including growth inactivation
and changes in phenotypic expression
[Guignandon et al., 1995; Hughes-Fulford and
Lewis, 1996; Carmeliet et al., 1997, 1998;
Guignandon et al., 1997; Hughes-Fulford et
al., 1998; Hughes-Fulford andGilbertson, 1999;
Kumei et al., 1999; Harris et al., 2000; Landis et
al., 2000]. In addition, histological examination
of space-flown animals indicates a reduction in
the number of osteoblasts found in bone [Jee et
al., 1983; Wronski et al., 1987; Turner et al.,
1995]. Several markers of the osteoblastic
phenotype were unmodified by simulated
microgravity in our system. Furthermore, our
own results suggest that, in vitro, osteoblast cell
death isnot directlymodulatedbymicrogravity.

If osteoblast differentiation state, redox prop-
erties, or sensitivity to apoptogens is unaffected
by microgravity, then the question remains:
why is there a loss of bone mass during space-
flight? It should be noted that vector-averaged
gravity does not mimic all aspects of micro-
gravity, such as the lack of thermal convection
and reduced hydrostatic pressure. Further-
more, in vivo, bone cells exist in a specialized
microenvironment that is not fully recapitu-
lated in the cell culture experiments. It is
plausible that osteoblast viability may be
indirectly affected by microgravity. Our own
previous work has demonstrated that compo-
nents of the extracellular matrix of bone,
mineral ions [Adams et al., 2001] and RGD
containing peptides [Perlot et al., 2002], serve
as physiologic mediators of osteoblastic apopto-
sis. Furthermore, other work that is ongoing in
our lab has identified significant effects of
simulated microgravity on the function of
osteoclasts in organ culture. Taken together,
microgravity may increase osteoclast mediated
resorption of bone,which in turn, could increase
apoptosis of osteoblasts as matrix apoptogens
are released. Therefore, further examination of
the effects of microgravity on bone cells may
require investigations of the interplay between
osteocytes, osteoblasts and osteoclasts using
more complex cell culture systems, organ
culture studies, and whole animal models.
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