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Abstract Gravity acts permanently on organisms as either static or dynamic stimulation. Understanding the
influence of gravitational and mechanical stimuli on biological systems is an intriguing scientific problem. More than two
decades of life science studies in low g, either real or modeled by clinostats, as well as experimentation with devices
simulating different types of controlled mechanical stimuli, have shown that important biological functions are altered at
the single cell level. Here, we show that the human leukemic line FLG 29.1, characterized as an osteoclastic precursor
model, is directly sensitive to gravitational unloading, modeled by a random positioning machine (RPM). The phenotypic
expression of cytoskeletal proteins, osteoclastic markers, and factors regulating apoptosis was investigated using
histochemical and immunohistochemical methods, while the expression of the corresponding genes was analyzed using
RT-PCR. A quantitative bone resorption assay was performed. Autofluorescence spectroscopy and imaging were applied
to gain information on cell metabolism. The results show that modeled hypogravity may trigger both differentiation and
apoptosis in FLG 29.1 cells. Indeed, when comparing RPM versus 1� g cultures, in the former we found cytoskeletal
alterations and a marked increase in apoptosis, but the surviving cells showed an osteoclastic-like morphology,
overexpression of osteoclastic markers and the ability to resorb bone. In particular, the overexpression of both RANK and
its ligand RANKL, maintained even after return to 1� g conditions, is consistent with the firing of a differentiation process
via a paracrine/autocrine mechanism. J. Cell. Biochem. 98: 65–80, 2006. � 2005 Wiley-Liss, Inc.
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The importance of gravity in modulating
some biological processes, such as plant gravi-
tropism and the adaptation of the vertebrate
skeleton in relation to its load-bearing function,
has long been known. Nevertheless, the
role of gravity and other mechanical factors
in biological processes is far from clear. A
weightless environment is a powerful tool for

understanding this role and for studying the
related cellular and molecular mechanisms.
Several investigations conducted in space
laboratories and with instruments averaging
the gravity vector, and thus simulating condi-
tions of reduced gravity, have shown that
isolated cells may change their behavior under
altered gravitational conditions. Loss of cell
activation [Cogoli et al., 1984], perturbation
of signal transduction [Schmitt et al., 1996;
Hashemi et al., 1999] and modification of
genetic expression [Walther et al., 1998;
Hammond et al., 1999] have been described.
This suggests that some of the mechanisms at
the roots of the systemic effects observed in
weightlessness, such as depression of the
immune system [Gmünder and Cogoli, 1996]
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andreduction inbonemass [Morey-Holtonetal.,
1996], can originate at the cellular level.

The systematic study of cellular response to
mechanical stimuli other than gravitational
force [Brown, 2000] has proved that mechanical
input affects cell behavior. For example,
endothelial cells can be switched among the
three major genetic programs that govern
angiogenesis, growth, apoptosis, and differen-
tiation, by alteration of cell spreading on
micropatterned substrates [Dike et al., 1999].

Bone homeostasis is particularly sensitive to
both gravitational and mechanical stimuli,
which play a very important role in determining
bone structure and influencing related meta-
bolic and catabolic processes [Frost, 1988]. Bone
turnover depends on the balance of bone forma-
tion by osteoblasts and bone resorption by
osteoclasts. The gravitational unloading on the
skeleton, due either to spaceflightmissions or to
immobilization, causes an imbalance between
bone formation and resorption, leading to
osteoporosis. It has been demonstrated that
this bone lossmay be derived from a decrease in
osteoblastic activity as well as from an increase
in osteoclastic activity [Carmeliet et al., 2001].

In vitro studies have provided evidence that
bone cells, both osteoblasts [Roclofsen et al.,
1995; Stanford et al., 1995; Nagatomi et al.,
2001] and osteoclasts [Rubin et al., 1999;
McAllister et al., 2000; Kurata et al., 2001],
directly respond to various kinds of mechanical
stimuli. With regard to the effect of gravita-
tional unloading, the studies have mainly
focused on osteoblasts [Hughes-Fulford et al.,
1998; Sarkar et al., 2000; Bikle et al., 2003;
Ontiveros andMcCabe, 2003],while few reports
deal with the behavior of osteoclastic cells and
their precursors. Osteoclasts are cells of hemo-
poietic origin that, through a differentiation
process, assume the ability to resorb bone [Suda
et al., 1992].

In space flight experiments, histomorpholo-
gical investigations on skeletal tissues showed
an increased number of osteoclastic cells
[Kaplansky et al., 1991; Vico et al., 1993].
Enhancement of osteoclasticmineral resorption
(measured as the release of 45Ca from pre-
labeled bone) was observed as well [Van Loon
et al., 1995]. Recently, it was shown that the
gene expression of the receptor activator of NF-
kB ligand (RANKL) and osteoprotegerin, two
molecular species of critical importance for
osteoclastogenesis regulation, is altered in cells

from the mouse stromal cell line ST2 placed in
modeled hypogravity conditions [Kanematsu
et al., 2002].

The aim of the present workwas to determine
whether vector averaged gravity has a direct
effect on osteoclastic precursor cells and,
in particular, on their ability to undertake a
differentiation process, thus addressing the
hypothesis that a hypogravity-induced increase
in preosteoclastic differentiation could be
among themechanisms responsible for the bone
loss observed in weightlessness.

The findings demonstrated that culturing in
gravitational unloading, modeled in a random
positioning machine (RPM), strongly affected
the behavior of the human bone marrow-
derived FLG 29.1 cells, used as an experimental
model.

MATERIALS AND METHODS

Cell Line

The cell line FLG 29.1, derived and stabilized
from a culture of bone marrow cells collected
from a patient affected with acute monoblastic
leukemia (FAB: M5a), was previously charac-
terized as a model of osteoclastic precursor
[Gattei et al., 1992].

The cells were maintained in RPMI 1640
medium (Sigma-Aldrich, Germany), supple-
mented with 10% heat-inactivated fetal calf
serum, 300 mg/ml L-glutamine, 50 mg/ml genta-
micin, and split twice aweek. The cultureswere
carried out in a fully humidified atmosphere, at
378C and 5% CO2. Viability was determined
using the blue trypan dye exclusion assay.

For experiments in modeled hypogravity,
cells were transferred to vials filled with fresh
culturemedium and containing bone slices. The
vials were specifically designed for use in
experiments under both real and modeled
weightlessness by the Space Biology Group
from ETH Zurich [Cogoli et al., 1988]. In brief,
each chamber consisted of a cylinder (11 mm in
diameter and 2 cm in height) carved in Erta
Peek� blocks (10� 5� 2 cm). The chambers
were sealed top and bottom by two mobile
pistons. One of the pistons carried a septum to
facilitate the injection of chemicals when
needed. Control samples were prepared in the
same type of vials and in fully comparable
experimental conditions, with the exception of
gravity (1� g).
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The pH value, measured in the culture
medium before and after the experiment,
remained constant.
A stabilized human cell line was preferred

as an experimental model because of the
several advantages offered compared to cells
in primary culture. The homogeneity of the
biological material allows for better standardi-
zation of the experimental conditions and
ensures repeatability and reproducibility with-
out limits of time. Moreover, it offers the
possibility of obtaining large amounts of
cells and of confirming experimental observa-
tions indifferent laboratoriesunder comparable
conditions.

Random Positioning Machine

Low g conditions were modeled in a RPM
(Dutch Space, formerly Fokker Space, Leiden,
The Netherlands). In the RPM, introduced by
Hoson et al. [1997], probes are fixed as close as
possible to the center of two frames rotating one
inside the other, driven by separatemotors. The
rotation of each frame is random and autono-
mous under computer control. A software
program drives the motors in a smooth, con-
tinuous (i.e., joltless) movement. The angular
velocity of rotation can be selected between 308
and 3608/s. The low g conditions are modeled by
averaging the gravity vector via the indepen-
dent rotation of the two frames.
In the experiments described here, the angu-

lar velocity of rotation was 608/s. Temperature
was maintained at 378C. The treatment lasted
for 72 h. Control samples (1� g) were placed on
the fixed base of the RPM, facing the same
vibrations as the rotating ones.
At the end of the treatment, the cells were

recovered and prepared for cytochemical and
immunocytochemical assays or lysed for RT-
PCR, or re-cultured at 1� g. Bone slices were
sonicated when the removal of adherent cells
was required, then prepared for analysis by
Surface Profilometry and Scanning Electron
Microscopy.

Annexin-V-FLUOS Assay

For the detection and quantification of apop-
tosis and discrimination from necrosis at a
single cell level, we used theAnnexin-V-FLUOS
Staining Kit (Roche Diagnostics, Germany).
The cells (1� 106) were washed in Dulbecco’s
phosphate buffered saline (Sigma-Aldrich,
Germany), centrifuged at 200g for 5 min, then

resuspended in 100 ml Annexin-V-Fluorescein
in HEPES buffer containing propidium iodide
(Sigma-Aldrich, Germany) and incubated at
15–258C for 15 min.

The samples were analyzed by a FACScan
flow cytometer (BectonDickinson San Jose, CA)
using 488 nm excitation and Cell Quest soft-
ware (Becton Dickinson).

Histochemical and
Immunohistochemical Methods

Reagents for routine staining of cells (hema-
toxylin-eosin and Giemsa) were from Merck
KgaA, Darmstadt, Germany.

Samples from the RPM and the controls
(cell density 106/ml) were diluted 1:20 with
CytoRich Blue Preservative Fluid. An Autocyte
PREP System (Autocyte, Inc., Burlington, NC)
was utilized to prepare cell monolayers of a
13 mm diameter, subsequently air-dried at
room temperature for 2 h. The May–Grünwald
Giemsa staining and Tartrate-Resistant
Acid Phosphatase (TRAP) (the substrate Naph-
tol As-Bi Phosphate was from Sigma-Aldrich
Corporation, St. Louis, MO) assays were per-
formed. The expression of avb3, RANK,
RANKL, a-actin, F-actin, a-tubulin, vimentin,
p53, Fas, FasL, Bax, and Bcl-2 was assayed by
immunocytochemical staining; cell monolayers
were incubated with the specific anti-human
antibodies avb3 (clone LM609, Chemicon Inter-
national, Temecula, CA), RANK (rabbit poly-
clonal, Santa Cruz Biotechnology, Santa Cruz,
CA), RANKL (FL-317, sc-9073, Santa Cruz
Biotechnology, Santa Cruz, CA), a-actin (clone
1A4, Sigma Chemical Co, St. Louis, MO), F-
actin (clone NH3, Ab cam Limited, Cambridge,
UK), a-tubulin (clone DM1A, Neomarkers,
Fremont, CA), vimentin (clone V9, BioGenex,
San Ramon, CA), p53 (clone DO-7, DakoCyto-
mation Denmark A/S, Glostrup, DK), Fas and
FasL (clone GM30 and 5D1, respectively,
Novocastra Laboratories, Ltd., Newcastle,
UK), Bax (polyclonal, Dako Carpenteria), and
Bcl-2 (clone 124, DakoCytomation Denmark A/
S, Glostrup, DK).

Immunostaining was performed using
a streptavidin-biotin peroxidase system kit
(Lab Vision Corporation, Fremont, CA). The
slides were developed with 3,30-diaminobenzi-
dine (DAB, BioGenex), and the nuclei were
counterstained with Mayer’s hematoxylin. A
negative control was carried out by replacing
the primary antibody with non-immune mouse
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serum. Sections of human osteosarcoma were
used as the positive control. The monolayers
were examined by light microscopy with a 100�
immersion oil objective.

Multispectral Imaging Autofluorescence
Microscopy and Autofluorescence

Microspectroscopy

Cells contain molecules, like pyridinic coen-
zymes (NAD(P)H) and flavins that become
fluorescent when excited by UV-vis radiation
of a suitable wavelength. This fluorescence
emission, called autofluorescence (AF) because
it arises from endogenous fluorophores, is an
intrinsic cell parameter. AF monitoring and
analysis provide information on cell morphol-
ogy as well as on cellular energy metabolism
[Chance, 1989; Fusi et al., 2002].

Here, cell AF analysis was performed using
an inverted epifluorescence microscope (Nikon
Eclipse TE 2000 E) equipped with an oil-
immersion CF-UV flor 100� objective (N.A.
1.3), under 365 nm excitation from a filtered
(10 nm bandwidth interference filter, 365FS10-
25, Andover), high-pressure mercury lamp
(HBO 100 W, Osram). The 365 nm wavelength
is particularly suitable forNAD(P)H, but able to
excite flavins and lipopigments too [Andersson
et al., 1998]. In this way, the most important
endogenous fluorophores emitting in the visible
range were detected at the same time. The
fluorescence signal, transmitted through a
dichroic mirror at 400 nm (DM400, Nikon) was
detected, according to the position of a mobile
mirror, by a diode-array spectrophotometer
(based on anARC polychromator equipped with
a Hires III cooled digital CCD camera (DTA,
Italy) and a back illuminated SITe 330� 1,100
pixels sensor through an optical fiber bundle
(1 mm diameter), or by a Hires III digital CCD
camera (DTA, Italy) equipped with a Kodak
KAF261E, 512� 512 pixels, detector. Hence,
the system allowed for sequential measure-
ments of spectra and images on the same
cell. A motorized filter wheel, which can hold
up to eight different interference filters, was
placed in front of the CCD detector for imaging.
It allowed for multispectral sequential acquisi-
tion under software controlled by the host
computer. The choice of the filter series was
made on the basis of the main spectral bands
determined by preliminary analysis of the AF
spectra.

Bone Resorption Assay

Advanced surface techniques to inspect bone
surface have been proposed [Moss et al., 1989;
Walsh et al., 1991; Schwartz et al., 2000]. We
applied a new method based on surface profilo-
metry and imaging [Fusi et al., 2005]. Bone
resorptionwas evaluated by using amechanical
profilometer (Hammelwerke T 2000, vertical
resolution 0.1 mm, diamond point 5 mm). Surface
profilometry on suitably finished bovine cortical
bone slices, 4� 10 mm and 2 mm thick, was
performed before and after exposure to FLG
29.1 cells in both modeled low g and 1� g
conditions. The slice surfaces were prepared
andpolishedwith emery to obtainauniformand
low roughness number. On the surfaces of the
slices, two perpendicular ruts (width ffi200 mm
and depthffi100 mm)weremade with the double
function of gathering the cells, thus circum-
scribing the resorption activity, and providing a
geometrical reference for the measurements.
Ten roughness profiles (1,500mmlength) spaced
at 500� 5 mm were acquired for each slice.
Consequently, the analyzed surface was about
7,000 mm2.

Microscopic images of the slices were also
acquired. A grazing illumination, obtained by
means of a dedicated apparatus, was needed in
order to evaluate the roughness of the surface by
imaging. A holder for suitably positioning a
bone slice and an optical fiber was developed
and installed on the microscope.

Both the surface profilometry and the micro-
scopic imaging of the slices, before and after
their exposure to FLG 29.1 cells, were repeated
at least three times on each slice.

This method, set up in our laboratory, was
preferred to other currently used assays
because it has the advantage of allowing a
direct quantitative determination of the
resorbed bone by comparison of surface profiles
monitored on the same bone area before
and after exposure to the cells [Fusi et al., 2005].

For the scanning electron microscopy (SEM)
analysis, carried out using a scanning electron
microscope (XL20, Philips, The Netherlands) at
a 10 kV accelerating voltage, the specimens
were fixed in absolute ethanol and dried at
room temperature for 24 h. Subsequently, they
were set on aluminum stubs and sputter-coated
with a thin film of gold, using an automatic
sputter coater (BAL-TEC SCD 050, Balzers,
Germany).
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Total RNA Extraction

FLG 29.1 cells were resuspended in 0.5 ml of
2� lysis buffer (Applied Biosystems, CA) and
then immediately frozen. Total RNA extraction
was made by using the ABI PRISM1 6100
platform according to the manufacturer’s
instructions. After extraction, the RNA was
resuspended inafinal volumeof 100ml of elution
buffer for spectrophotometric yield quantita-
tion. The average amount was 80� 5 ng/ml.

Reverse Transcription

The total RNA (100 ng) was reverse tran-
scribed using a high-capacity cDNAArchiveKit
(Applied Biosystems), random hexamer pri-
mers, and the following thermal profile: 258C
for 10 min, 428C for 1 h, and 958C for 5 min. For
all of the further analyses, the cDNA was
diluted 1:20 in water.

Quantitative PCR for Gene Expression

For each of the screened genes, we made
use of the Assay on DemandTMFAMTMMGB-
labeled probes (Table I). We used the GAPDH
reference gene (VICTMMGB-labeled probe;
PN4319413E), to normalize the different
amounts of total RNA in the different wells
and their RT reaction efficiencies. RT-PCR was
performed using the automated ABI PrismTM

7900HT Sequence Detector System (Applied
Biosystems). The cDNAs were also tested for
gDNA contamination, whose overall level was
no higher than 0.005%.

Threshold Cycle and the Comparative Method

Differentially expressed genes were quanti-
tated using the threshold cycle (Ct) and the

comparative method (2�DDCt) [Livak and
Schmittgenb, 2001]. Here, we report an exam-
ple in Figure 1: (A) Shows the amplification plot
of F-actin: from left to right, lines 1, 2, and 3 are
the amplification plots of 1� g, calibrator
sample, and RPM specimens, respectively, and
their related Cts values are 15, 18.56, and 23.45.
(B) Shows the housekeeping gene (GAPDH)
amplification plots for the same samples: their
Cts values are 6. (C) Shows the computational

TABLE I. List of the Assays on DemandTM

IDs Used in this Study

Gene name Assay on DemandTM ID

Vimentin Hs00185584_m1
Tubulin Hs00744842_sH
Alpha-actin Hs00559403_m1
F-actin Hs00264539_s1
TRAP Hs00264539_s1
AlfaVbeta3 Hs00233790_m1
RANK Hs00187189_m1
RANKL Hs00243519_m1
Bax Hs00180269_m1
Fas Hs00169544_m1
FasL Hs00181225_m1
p53 Hs00364137_m1
Bcl-2 Hs00418289_m1

See the Web site http://myscience.appliedbiosystems.com/navi-
gation/mysciMain.jsp to gather information on the TaqManTM

probes and primers position for each amplicon.

Fig. 1. Comparative Ct method (see ‘‘Materials and Methods’’
for computational details). (A) and (B) show examples of
amplification plots, with the X-axes indicating the PCR ampli-
fication cycles (from 0 to 40) and the y-axes the fluorescence
recorded at each cycle (Rn or Reporter normalized). A: shows the
amplification plot of F-actin: from left to right, lines 1, 2, and 3 are
the amplification plots of 1� g, calibrator sample and RPM
specimens, respectively; (B) shows the housekeeping gene
(GAPDH) amplification plots for the same samples. C: shows
the computational results of the comparative Ct method.
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results of the comparative DDCt method. DCt is
the difference between the target gene Ct (F-
actin) and the reference gene Ct (GAPDH) of a
given sample, and DDCt is the DCt of a given
sample (1� g or RPM) minus the DCt of the
calibrator sample (fibroblast cDNA). Thus, DCt

is 9 (15�6) for the 1� g sample, 12.56 (18.56�6)
for theRPMsample, and 17.45 (23.45�6) for the
calibrator sample. The formula 2�DDCt (for
further details see User Bulletin #2, www.apl-
liedbiosystems.com) makes it possible to quan-
tify expression of the F-actin gene in the 1� g
and RPM specimens with the fibroblast cDNA
as the calibrator sample. The DDCt value is
�8.45 for the 1� g sample, �3.56 for the RPM
sample, and 0 for the calibrator sample, and
the related 2�DDCt values are 341, 12, and 1,
respectively.

Data Analysis

Three different experiments were carried out
in triplicate. For cytochemistry and immunocy-
tochemistry, at least 100 cells per slide were
scored and the data were expressed as
mean�SD. Statistical significance was deter-
mined using a Student’s t test. A P value lower
than 0.05 was considered statistically signific-
ant.

For gene expression data analysis, samples
from the RPM and the controls were compared
by means of 1-way ANOVA, followed by the
Duncan multiple-range test. P values of less
than 0.001 were considered statistically signifi-
cant. The s values of every target gene in each
gene panel between the RPM and the control
groups (which were always less than 0.05%)
support the reliability of the generated data. In
order to assess the reproducibility of the
method, we calculated the coefficient of varia-
tion for each gene, which was never more than
0.67%.

Autofluorescence spectra were calculated as
an average from at least 10 different cells.

RESULTS

When compared to the 1� g control, FLG 29.1
cells cultured for 72 h in the RPM showed
impressive changes in both morphology and
function, supported by alterations in both
protein and gene expression.

The density of cell population was 1.6�
105 cells/ml in the RPM-exposed samples and
3.6�105 cells/ml in the controls.

Morphology

Osteoclastic maturation is defined morpholo-
gically as the appearance of large dimension,
plurinucleated cells [Suda et al., 1992]. May–
Grünwald Giemsa staining of cells exposed to
modeled weightlessness showed an increase in
large, bi- or pluri-nucleated cells up to 51.3�
6.1%, compared to 2.2� 1.5% of the control at
1� g (Fig. 2).

Numerous cells showing typical alterations of
apoptosis (shrinkage, membrane blebbing, loss
of nuclear envelope, etc.) were also observed.
Cytofluorimetric determination using the
Annexin-V assay allowed us to quantify the
percentage of apoptotic cells after 72h culturing
in the RPM (39.4� 3.4%) compared to the
control at 1� g (6.3� 1.1%).

Cytoskeleton

It is a common opinion that the cytoskeleton
plays a role in mechanotransduction [Ingber,
1997] andgravisensing [Hughes-Fulford, 2003].
Moreover, it has been reported that gravity
triggers the self-organization of cytoskeleton
microtubules [Papaseit et al., 2000].

In order to ascertain whether random gravity
affects cytoskeleton organization in FLG
29.1 cells, we analyzed, using immunocyto-
chemistry, the expression of proteins (vimentin,

Fig. 2. Morphological appearance of preosteoclastic matura-
tion after 72 h exposure of FLG 29.1 cells to gravitational
unloading modeled in an RPM. The 1� g control is shown in
the inset. May–Grünwald Giemsa staining. [Color figure can
be viewed in the online issue, which is available at www.
interscience.wiley.com.]
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a-tubulin, a- and F-actin) involved in the
building of the cytoskeletal network. As shown
in Figure 3A, vimentin expression increased
significantly in modeled hypogravity compared
to the 1� g control (81.1� 9.7% vs. 40.7� 7.9%
positivity). On the contrary, a-tubulin, a-actin,
and F-actin, widely expressed in control
cells, decreased by about 80%, 90%, and 77%,
respectively, in cells cultured in the RPM
(P< 0.001).
The expression of the genes involved in the

synthesis of the considered cytoskeletal compo-
nents was screened by means of a 50 Nuclease
Assay, namely the TaqManTM PCR or Real-
Time PCR [Livak and Schmittgenb, 2001]. The
results obtained were in accordance with the
immunocytochemical findings. In fact, the gene
expression of F-actin, a-actin, and a-tubulin
was significantly higher (P< 0.001) in the
control cells (respectively, 28.4, 40.1, and 18.4
times more), whereas the vimentin gene was
more expressed (13 times) in modeled gravita-
tional unloading (Fig. 3B).

Osteoclastic Markers

The presence of numerous cells (over 50%)
withamorphological appearance reminiscent of
the osteoclastic ones, induced us to analyze both
phenotypic and genotypic expression of major
markers of osteoclastic differentiation.

In FLG 29.1 cells exposed to modeled low g
conditions, the phenotypic expression of TRAP,
integrin vitronectin receptor avb3, the receptor
activator of NF-kB (RANK) and its ligand
(RANKL), examined bymeans of cytochemistry
and immunocytochemistry, resulted signifi-
cantly enhanced (Fig. 4A). In particular, TRAPþ
and avb3þ cells increased by about 120% and
30%, respectively. Cells expressing RANK and
RANKL, twomolecules that play a fundamental
role in osteoclastogenesis [Teitelbaum and
Ross, 2003; Troen, 2003], had increased by
sixfold (P< 0.001) and 10-fold (P< 0.0001),
respectively, compared to the 1� g control.

In order to confirm these findings, the
RNA transcripts of the genes encoding for the

Fig. 3. Cytoskeleton components. Protein (A) and gene
(B) expression screened in FLG 29.1 cells cultured in modeled
hypogravity and 1� g conditions.

Fig. 4. Markers of osteoclastic differentiation. Protein (A) and
gene (B) expression screened in FLG 29.1 cells cultured in
modeled hypogravity and 1� g conditions.
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above-mentioned markers of osteoclastic differ-
entiation were assayed, too.

The results (Fig. 4B) of RT-PCR showed that
theRANK,RANKL, andTRAP genesweremore
highly expressed (P< 0.0001) in conditions of
modeled hypogravity (respectively, 19, 4.1, and
3.1 times more) than in the 1� g control, in
accordance with what was seen at a phenotypic
level. On the contrary, avb3 gene expression did
not increase.

Bone Resorption Assay

The ability to resorb bone is a typical
characteristic of osteoclasts. Bone resorption
activity of FLG 29.1 cells has been assayed by
surface profilometry and imaging, as described
in ‘‘Materials and Methods.’’

As shown in Figure 5, the slices exposed to
FLG 29.1 cells in conditions of modeled gravita-
tional unloading showed bone resorption (the
mean volume of resorbed bone was 2� 0.5 mm3

per mm2, with a maximum value of 20� 0.5 mm3

per mm2), which was not observed in control
slices.

Digital wide-field microscopy with a grazing
lighting, performed in the same area that
was scanned by surface profilometry, con-
firmed, and imaged bone resorption on the
slices from the RPM (Fig. 5). Surface analysis
by SEM revealed adherent cells (Fig. 6) and
pits on the bone slices from samples exposed
to modeled hypogravity.

Apoptosis

To understand the molecular mechanisms
responsible for the significant increase in
apoptotic cells observed in the samples kept in
the RPM, the phenotypic and genotypic profiles
of FLG 29.1 cells were studied with regard to
pro- and anti-apoptotic factors.

The expression of the proteins p53, Bax, Fas,
FasL, and Bcl-2, determined by immunocyto-
chemistry, is reported in Figure 7A. All these
proteins increased in modeled hypogravity-
exposed cells, compared to the 1� g control.
Among the pro-apoptotic factors, the expression
of p53, a key element in inducing apoptosis in
response to DNA damage [Moll and Zaika,
2001], increased slightly. Fas and its ligand
FasL, whose binding triggers apoptosis via

Fig. 5. Bone resorption assay. Top: microscopic images of a
bone slice recorded before (A) and after (B) exposure to FLG 29.1
cells in modeled low g conditions. A detail of the bottom of a rut is
shown. Bottom: profiles of the same bone slice recorded before
(upper line) and after (lower line) exposure to FLG 29.1 cells in
modeled low g. By comparing the surface profiles it was possible
to calculate the volume of resorbed bone. The mean value was
2� 0.5mm3 permm2 with values of up to 20� 0.5mm3 permm2 on
the bottom of the ruts.

Fig. 6. Scanning Electron Microscopy of a bone slice exposed
to FLG 29.1 cells cultured in modeled hypogravity. Adherent
cells on the bone surface can be observed.
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extrinsic pathway [Ashkenazi, 2002], had a
significant increase: Fasþ andFasLþ cells were
about 76% and 77%, respectively, in samples
cultured in the RPM, while in the control
both Fasþ and FasLþ cells were about 3%
(P< 0.001). Bax, a promoter of apoptosis via the
intrinsic pathway [Fumarola and Guidotti,
2004], was expressed thirty times more
(P< 0.001) than in the control. Bcl-2, an anti-
apoptotic member of the Bcl-2 family [Lawen,
2003], was slightly overexpressed in cells
exposed to modeled low g.
The expression trend of the genes encoding

for the considered pro- and anti-apoptotic
factors was studied using RT-PCR and the
findings resulted in accordance with those
obtained by protein expression analysis. When
compared to the 1� g control, the p53, Fas,
FasL, and Bax genes were upregulated
(P< 0.001) in the cells kept in the RPM
(about 15, 7.5, 16, and 8 times more, respec-
tively).Bcl-2 gene expression increased fourfold
(Fig. 7B).

Multispectral Imaging Autofluorescence
Microscopy and Autofluorescence

Microspectroscopy

The AF of living FLG 29.1 cells, both cultured
in the RPM and controls, was monitored using
Multispectral Imaging AutofluorescenceMicro-
scopy (MIAM) and AutofluorescenceMicrospec-
troscopy (AMS).

MIAM analysis of control cells showed
(Fig. 8A) a quite diffuse cytoplasmic AF, partly
blurring the nucleus. The AF emission was
more intense in the cell periphery, where few
organelles were distinguishable. Intensely fluo-
rescent nucleoli were sometimes observed.

A different AF pattern characterized the cells
maintained in the RPM.AF appeared discretely
distributed and closely connected with the
numerous organelles. Many cells contained
two ormore non-fluorescent nuclei and vesicles,
characterized by an intense green-yellow fluor-
escence, generally gathered at a cell pole
(Fig. 8B). Both MIAM analysis and cytochem-
ical staining gave evidence of intercellular cyto-
plasmicbridges andcell fusion (datanot shown).
This phenomenon was previously described by
other authors [Geheron Robey et al., 1992].

Many apoptotic cells were observed. They
showed blue-green fluorescent blurs, caused by
progressive dissolution of cell compartments
and consequent spreading of NAD(P)H and
flavins all over the cell [Petit et al., 2001].
Membrane blebbing and highly fluorescent
spots, due to chromatin condensation, were
visible too (Fig. 8C).

NAD(P)H, both bound and free forms, and
oxidized flavins are the main endogenous
fluorophores emitting in the blue and green
ranges, respectively, and their fluorescence is
considered an indicator of the intracellular
redox state [Schneckenburger and König,
1992]. Thus, we examined the relationship
among intracellular coenzyme pools by AMS.

The spectra of cells cultured in the RPMwere
compared with control ones both for emission
intensity (Fig. 9A) and spectral shape (Fig. 9B)
after normalization. The former appeared less
intense and broadened towards the green-
yellow wavelengths, thus highlighting differ-
ences in AF intensity as well as in spectral
shape.

The AF spectra showed a peak at 445 nm and
shoulders at about 465 and 530 nm. These
wavelengths correspond to the emission peaks

Fig. 7. Factors regulating apoptosis. Protein (A) and gene (B)
expression screened in FLG 29.1 cells cultured in modeled
hypogravity and 1� g conditions.
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of the NAD(P)H bound form, NAD(P)H free
form and flavins, respectively [Andersson et al.,
1998]. Table II reports the AF intensity ratios
445 nm/530 nm and 465 nm/530 nm, calculated
from the spectra of cells kept in modeled hypo-
gravity and controls. In RPM-exposed cells, the
ratio values decreased. This means that oxi-
dized flavins increased, in accordance with the
broadening of the green component observed in
the spectrum. The ratio 445 nm/465 nm (that is
NAD(P)H bound form/NAD(P)H free form) was
also considered, but no significant changeswere
found.

Cells Re-Cultured at 1� g After 72 h
Exposure to the RPM

To ascertain if the observed induction of the
different genetic programs leading to differen-
tiation andapoptosiswas orwasnot a reversible
process, part of the cells maintained for 72 h
in the RPM was recovered and then cultured
again (initial density 1� 105 cells/ml) at 1� g in
the basic conditions described in the section
‘‘Materials and Methods.’’ After 3 weeks, the
genotypic and phenotypic profiles of the cells
were analyzed again. As shown inFigure 10, the
expression of the genes involved in apoptosis
regulation decreased at levels even lower
than those expressed in the control cells, thus
demonstrating that the increase in pro-
grammed cell death observed in modeled hypo-

gravity can be reversed by re-culturing the cells
at 1� g. On the contrary, the RANK, RANKL,
and TRAP genes remained markedly overex-
pressed. The phenotypic expression of RANK,
RANKL, and TRAP was higher than in the
control too (data not shown). Themorphological
appearance of very large, multinucleated cells
was observed in 70% of the cell population,
suggesting that the cells exposed to modeled
hypogravity conditions, even after restoring the
basic culture conditions (1� g), maintained the
characteristics of more differentiated elements,
in comparison with the control cells.

DISCUSSION

It is clear that rotating devices like clinostat,
RPM and rotating wall vessel (RWV) do not
reduce gravity but rather average the exposure
of the biological samples to the gravity vector
over the time of incubation in order to mini-
mize g.

The use of rotating devices in cell biology was
introduced about two decades ago to comple-
ment and prepare experiments to be carried out
in real, lowg conditions. Today, such devices are
widely used because extensive ground-based
studies are required before an investigation can
be carried out in space laboratories. The validity
of the RPM as an experimental model able to
produce conditions similar to those occurring

Fig. 8. Autofluorescence imaging of FLG 29.1 cells cultured at
1� g (A) and exposed to hypogravity conditions modeled in an
RPM (B,C). Very different AF patterns characterize control cells
(A), cells showing osteoclast-like features (B) and apoptotic cells
(C). See the text for description. Excitation wavelength 365 nm.
Fluorescence images were directly digitized in the CCD
controller with 14 bit dynamics and transferred to the storage
computer on a digital interface. The size of the field detected by
the 100� objective was about 69�69 mm (spatial calibration of
0.13 mm/pixel), as determined by imaging 6 mm diameter
fluorescent microspheres (Molecular Probes). For each sample,
three 40 nm wide (full width at half maximum) spectral bands

peaked at about 450, 550, and 650 nm (450 FS 40-25, 550 FS 40-
25, and 650 FS 40-25, respectively, Andover, Salem, NH) were
used in order to sequentially acquire three fluorescence images
in blue, green, and red, with integration times of about 5 seconds.
Monochrome images were then combined in a single multicolor
image using the RGB technique (Wyszecki and Stiles, 1982).
The multicolor images were obtained by the Image Combine
Channels algorithm of Corel PHOTO-PAINT v 6.0 software
(Corel Corporation, Ottawa, Canada) after the identification of
the three grayscale images (acquired at 650, 550, and 450 nm,
respectively) with the RGB components.
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during exposure of cells to microgravity has
been proved by comparing data obtained in
space experiments with those obtained in the
RPM, as well as in other rotating devices
[Cooper and Pellis, 1998; Schwarzenberg et al.,
1999].
The concern that shear force may stress the

cells should also be addressed. Shear force is
generated in all the rotating devices. However,
the experiments here described have been
carried out utilizing culture chambers that

almost completely exclude the presence of air
bubbles by means of a mobile piston, thus shear
effects are significantly reduced and do not
affect appreciably the results [Schwarzenberg
et al., 1999]. In conclusion, there is convincing
experimental evidence on the validity of the
model here used to produce modeled micro-
gravity conditions.

The morphological analysis of FLG 29.1 cells
cultured for 72 h in RPM revealed two intri-
guing effects: (1) about 50% of the cells showed
characteristics typical of osteoclasts, (2) about
40% of the cells showed signs of apoptosis.

Recent studies in osteoclastic cell biology
have led to breakthroughs in the understanding
of osteoclastic differentiation and activation.
In particular, it has been unambiguously
demonstrated that the binding between the
receptor activator of NF-kB (RANK), present on
the plasma membrane of both osteoclastic
precursors and mature osteoclasts, and its
ligand (RANKL), produced by osteoblasts and
stromal cells in response to a variety of signals,
activates signal transduction pathways that
ultimately lead to osteoclastic differentiation
and increased osteoclastic activity [Lacey et al.,
1998; Yasuda et al., 1998; Boyle et al., 2003;
Miyamoto and Suda, 2003].

FLG 29.1 cells cultured in the RPM showed
upregulation ofRANK andRANKL genes and a
marked increase in both RANK and RANKL
expression, compared to the 1� g controls. It is
noteworthy that overexpression of RANK and
RANKL was not abolished when cells were
recovered from the RPM and cultured again in
standard conditions at 1� g for 3 weeks.

These results support the hypothesis that
culturing in modeled weightlessness induces
differentiation of FLG 29.1 through the ost-
eoclastic pathway, via paracrine/autocrine

Fig. 9. Autofluorescence spectra of FLG 29.1 cells cultured at
1� g and in the RPM. Emission intensity (A) and spectral shape
(B), after normalization, are compared. The emission intensity
in control cells is higher (about threefold) than in the RPM-
exposed cells. The latter show a higher contribution of the green
component, mostly due to oxidized flavins. Fluorescence spectra
were recorded through a band-pass filter (GG400, Schott) in
order to remove UV excitation, and collected over a spot of
about 10 mm in diameter, as estimated by using 6 mm diameter
fluorescent microspheres (F-14808, Molecular Probes, Leiden,
The Netherlands). Fluorescence spectra, recorded with a 2–
4 seconds integration time, were corrected for the optical system
spectral response and smoothed by a Gaussian convolution
algorithm. After correction, the spectra were normalized to their
respective peaks as 100% for comparison.

TABLE II. Ratios of Autofluorescence
Intensity Values at 445, 465, and 530 nm in

FLG 29.1 Cells Exposed to Modeled
Hypogravity and Controls

Ratio description
(wavelengths)

Control (1� g)
(value �s)

RPM
(value �s)

445 nm/530 nm 2.61� 0.16 2.19� 0.16
465 nm/530 nm 2.41� 0.16 2.06� 0.19

The consideredwavelengths correspond to thepeaks ofNADHb,
NADHf, and flavins, respectively. The mean values on 10 cells
have been reported. Both the ratios 445 nm/530 nmand 465 nm/
530 nm decreased in modeled hypogravity-exposed cells
compared to the control, thus denoting the increase in oxidized
flavins.
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production of RANKL. In addition to the over-
expression of RANK and RANKL, the findings
on morphology, expression of other osteoclastic
markers, and bone resorption in RPM-exposed
cell cultures are consistent with this hypothesis
as well.

As indicated above, after culturing in the
RPM, numerous bi- or multi-nucleated cells
with enhanced dimensions, cell fusion and
presence of cytoplasmic bridges connecting the
cells were observed. It is well known that
multinucleation, brought about by the fusion
of mononuclear cells, is a characteristic feature
of osteoclasts [Miyamoto and Suda, 2003].
TRAPand avb3,which are generally considered
major criteria for osteoclastic characterization,
were significantly more expressed in cells
exposed to modeled hypogravity. In the case of
TRAP, the enhanced phenotypic expression
corresponded to an increased gene transcrip-
tion, while post-transcriptional mechanisms
could be hypothesized to explain the apparent
discrepancy between phenotypic and genotypic
expression of avb3.

The principal function of mature osteoclasts
is bone resorption. Recently, it was demon-
strated that RANKL exerts a pro-resorbing
activity through an overall enhancing effect on
osteoclastic marker (TRAP, cathepsin K, etc.)
expression [Wittrant et al., 2003]. FLG 29.1
cells cultured in standard conditions at 1� g are
immature elements unable to adhere to or
resorb bone. In fact, as expected, no resorption
activity was found in bone slices from the
control samples at 1� g. On the contrary, a

mean value of resorbed bone volume equal to
2� 0.5 mm3 per mm2was found in the bone slices
from samples exposed to modeled low g. This
value is in accordance with data reported by
Boyde and Jones [1992], who reviewed themore
reliable methods used in the study of shape and
dimension of Howship’s lacunae in order to
extrapolate the volume of resorbed bone. Sur-
face analysis by SEM and Digital wide-field
microscopy with grazing lighting gave visual
evidence that FLG 29.1 cells cultured in the
RPMwereable toadhere to thebone surfaceand
resorb bone.

The AF analysis showed important differ-
ences between cells kept in the RPM and the
controlswith regard to (i) emission intensity, (ii)
the relative contribution of the different endo-
genous fluorophores to the total emission, (iii)
the intracellular distribution of the endogenous
fluorophores.

The total emission intensity was lower in
modeled hypogravity-exposed cells than in the
control ones. It has been demonstrated that AF
emission arising frompoorly differentiated cells
is higher than that from the correspondingmore
mature elements [Monici et al., 2003]. The
intensity decrease was accompanied with
changes in the relative contributions of both
NAD(P)H and flavins to the total AF: the former
decreased while the latter increased, as drawn
from the variations in AF intensity ratios
(Table II). This means that in modeled hypo-
gravity, cell energy metabolism was character-
ized by a higher aerobic component compared to
the control cell metabolism, where the anaero-

Fig. 10. Markers of osteoclastic differentiation and factors regulating apoptosis. Gene expression screened
in FLG 29.1 cells cultured in modeled hypogravity for 72 h and then recultured at 1� g for 3 weeks,
compared to the controls (always kept at 1� g).
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bic component was more important. It is known
that the flavin concentration is significantly
reduced in poorly differentiated cell types, due
to a deficient aerobic oxidation system, com-
pared to more differentiated elements [Anidjar
et al., 1996]. Moreover, a less efficient aerobic
component gives rise to an increase in the
reduced forms of pyridinic coenzymes [Obi-
Tabot et al., 1993]. The AF pattern of the cells
exposed to modeled low g further supported the
presence of a more efficient aerobic component.
In fact, the blue and green components, due to
NAD(P)H and flavins, respectively, appeared
co-localized in numerous discrete sites gener-
ally surrounding the dark nuclei. On the cont-
rary, in control cells, the discrete fluorescent
sites were strongly reduced and a homogeneous
fluorescencewas spread in the cytoplasm. It has
been demonstrated that the intracellular auto-
fluorescent sites co-localize with mitochon-
dria and, to a lesser extent, with lysosomes
[Andersson et al., 1998]. Therefore, our findings
assessed ahigher content ofmitochondria in the
cells cultured in modeled hypogravity than in
the control ones. As reported in the literature, a
connection exists between the quantity of
mitochondria and the type of energy metabo-
lism: a decrease in the aerobic component is
linked to a decrease in mitochondria [Pedersen,
1978]. On the other hand, the homogeneous
cytoplasmic AF found in the controls fits
very well with the prevalence of the anaerobic
component; anaerobic metabolism involves
less interactions between coenzymes and cell
structures.
In conclusion, the decrease in AF intensity,

the distribution of the endogenous fluorophores
and their relative contribution to the total
fluorescence indicate that the cells cultured in
modeled gravitational unloading exhibit an
energy metabolism more aerobic than that of
the control cells, in accordance with the hypoth-
esis that the former have reached a higher
degree of maturation than the latter.
It is noteworthy that cells exposed tomodeled

hypogravity showed characteristic green-yel-
low fluorescent vesicles gathered at a cell pole.
Further research is needed to understand both
composition and function of the vesicles and to
ascertain their similarity with those described
in mature and active osteoclasts by other
authors [Saloetal., 1997;Väänänenetal.,2000].
It is noteworthy that cells exposed tomodeled

hypogravity showed characteristic green-yel-

low fluorescent vesicles gathered at a cell pole.
Further research is needed to understand
both composition and function of the vesicles
and to ascertain their similarity with those
described in mature and active osteoclasts by
other authors [Salo et al., 1997; Väänänen et al.,
2000].

Interestingly enough, our results demon-
strate that culturing inmodeledweightlessness
induces preosteoclastic cells to undertake a
differentiation process and stimulates bone
resorption activity, while other authors demon-
strated that exposure of rat bone marrow
cells to cyclic pressure (in order to simulate
the pressure conditions that bone marrow cells
may be subjected to in vivo) resulted in
decreased formation of osteoclastic cells from
progenitors, reduced mRNA expression of reg-
ulators of osteoclast function, and reduced bone
resorption activity [Nagatomi et al., 2002].

In addition to the presence of cells showing
osteoclastic-like features, another relevant
effect observed in RPM cell cultures was the
marked increase of apoptotic cells.

Several authors reported an increase in
apoptosis in different cell types cultured both
in real and modeled hypogravity [Lewis et al.,
1998; Schatten et al., 2001; Grimm et al., 2002].
Moreover, the involvement of both the extrinsic
and intrinsic pathways was demonstrated. In
cells exposed to low g, enhanced expression of
the death receptor Fas, activating the extrinsic
pathway, was detected [Lewis et al., 1998;
Grimm et al., 2002]. It was also found that
hypogravity-induced apoptosis is accompanied
by an alteration of the cytoskeleton, resulting
in redistribution and then dissolution of the
mitochondria [Schatten et al., 2001; Kossmehl
et al., 2003], as occurs in the intrinsic mitochon-
drial-mediated cell death program [Shimizu
et al., 2000].

The results presented here strongly confirm
the above-mentioned studies and support the
hypothesis of the involvement of both the
intrinsic and extrinsic pathways. In fact, in
FLG29.1 cells exposed to theRPM,bothFasand
FasL resulted overexpressed, compared to
the controls, thus suggesting the triggering of
the extrinsic pathway. In accordance with data
reported by other authors [Grimm et al., 2002;
Uva et al., 2002; Carlsson et al., 2003], we found
cytoskeletal alterations as well. In particular,
the cytoskeletal intermediate filament protein
vimentin increased, while a-actin, F-actin,

Differentiation and Apoptosis in Modeled Low g 77



and tubulin decreased. In addition to cytoske-
letal disorganization, mitochondrial damage
occurred in a high percentage (about 40%) of
the cells cultured in the RPM, as clearly
appeared by analyzing the altered AF pattern,
characterized by the disappearance of the
intracellular organelles and formation of blue-
green fluorescent haloes due to the passage of
intra-organelle content into the cytoplasm
[Petit et al., 2001]. The overexpression of Bax
observed in cells exposed to modeled hypograv-
ity, in accordance with the findings of other
authors [Kossmehl et al., 2003], further sup-
ports the involvement of the intrinsic pathway.
Indeed, Bax is a pro-apoptotic factor responsible
for pore formation inmitochondrial membranes
[Gross et al., 1999]. Permeabilization of the
outer mitochondrial membrane is followed by
release of proapoptotic proteins, able to activate
caspases, and then the apoptotic cascade
[Fumarola and Guidotti, 2004]. In apparent
discrepancy with the increase in apoptosis in
RPM-exposed cells, the expression of the anti-
apoptotic factor Bcl-2 resulted enhanced.
Therefore, the rise in Bcl-2 expression was
lower than that observed in Bax and, in
accordance with the rheostat hypothesis [Kors-
meyer, 1995], it is the relative level of pro- and
anti-apoptotic proteins that determine the cell’s
susceptibility to apoptosis.

In conclusion, the findings described here
demonstrate that cells from the FLG 29.1 line,
an osteoclastic precursor model, are directly
sensitive to gravitational alterations. Culturing
in the RPM heavily affects cytoskeleton organi-
zation, thus supporting the widely accepted
hypothesis that the cytoskeleton plays a key
role in cell gravisensing, as well as in firing
weightlessness-induced apoptosis. The large
increase in apoptosis, observed in FLG 29.1
cells exposed to modeled low g, confirms results
previously obtained by other authors studying
different kinds of cells. However, as far as we
know, this is the first time the triggering effect
of modeled hypogravity on apoptosis, via mole-
cular mechanisms involving both the extrinsic
and intrinsic pathways, is described in preos-
teoclastic cells.

Most importantly, this study reports very
significant and novel findings about the effect of
gravitational alterations on preosteoclastic dif-
ferentiation. In addition to the triggering of
apoptosis, random gravity induced the surviv-
ing cells to undertake a differentiation process

along the osteoclastic pathway, via a paracrine/
autocrine mechanism characterized not only by
overexpression of RANK but also by upregula-
tion of its ligand RANKL. Convincing experi-
mental evidence of this occurrence is provided
by comparing FLG 29.1 cells cultured in the
RPM with the controls at 1� g with regards to
morphology, expression of osteoclasticmarkers,
cell metabolism, and bone resorption activity.

These intriguing results suggest a new
mechanism that, together with many other
factors, could contribute to causing the decrease
in bone mass observed in crewmembers after
space flights. A more general speculation could
be made on the possibility of modulating cell
differentiation bymechanical and gravitational
stimuli, whichmight be of consequence in tissue
engineering. Finally, the experimental model
proposed could become a useful tool for studies
on induced bone regeneration as well as on the
physiopathology of osteoporosis and other bone
diseases.
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