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Abstract Sensing gravity by ‘non-specialized’ cells is
still puzzling. We don’t know where or by which
mechanism such cells sense gravity. These questions
in ‘gravisensing’ are not much different from ques-
tions in general mechanobiology. Numerous studies
have been reported in this field in the last couple
of decades. What are the mechanical properties of a
cell? Are there differences in mechanical properties
between cell types and if so why? How are forces
perceived and transduced to a meaningful biological
event. Novel techniques such as optical and magnetic
tweezers, atomic force microscopy, magnetophoresis
and computer modeling make the field of mechano-
sensing or perhaps physicomics accessible. A similar
approach should also be applied for gravity-related
research. This paper addresses the current techniques
used in mechanosensing and exemplifies how a cell
could sense the relatively weak force of gravity.
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Introduction

At a (sub) cellular level the force of gravity is in-
significant compared to the three other basic forces in
nature; the weak nuclear force, the strong nuclear force
and the electrostatic force, that govern the force field
within and between molecules inside a cell. Non-gravity
related phenomena like thermal noise (kT) or chemical
energies are orders of magnitude larger than 1xg accel-
eration (Albrecht-Buehler 1991). However, the main
difference between a gravitational load and phenom-
ena like Brownian motion is that gravity is continuously
acting in the same direction. Over the last decades
space flight provided the opportunity to perform mi-
crogravity experiments, and a good body of knowl-
edge provides compelling evidence that this seemingly
weak force directly impacts single cells as described by
Mesland and Brillouet (1987), Brillouet (1995), Demets
(1996), Moore and Cogoli (1996), Brinckmann and
Brillouet (1999), Gaubert et al. (1999), Cogoli (2002),
Clément and Slenzka (2006), Hader et al. (2006) and
Brinckmann (2007). However, it is still unclear how
this force impacts especially ‘non-professional’ cells,
i.e. cells that would not seem to require a gravity sen-
sor for proper functioning in contrast to ‘professional’
gravisensing cells such as plant columella cells or spe-
cialized single cells in vestibular systems.

Gravitational biology overlaps with or is part of
mechanobiology. In mechanobiology we try to under-
stand the impact of forces on whole systems, single
cells, sub-cellular structures or even individual mole-
cules. In gravitational biology studies we should distin-
guish experiments that study direct and indirect gravity
effects on cells like the lack of convection under true
weightlessness; see also Klaus (2001), Thevenet et al.
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Fig. 1 Terminology and sequence of events in cell biomechanics.
In mechanobiology we study effects of mechanical forces within
and/or applied to a cell or parts of it, this can be termed as
mechanomics. Extending this to the overall physical environment
and processes around and within a cell we might even use the
term ‘physicomics’

(1996) and Brown et al. (2002). The focus of this paper
is on direct effects of gravity onto cells.

In mechano- or gravitational biological experiments
we apply or remove a mechanical force to change
something in the cellular machinery to learn about
underlying, general, biological mechanisms. The force
evokes changes in the cell that lead to either damage
or adaptations of the cell, which can be divided into
several steps. First we have mechanoperception to de-
tect a change in the mechanical forces acting upon a
cell, presumably through sensors. The sensor’s signal is
relayed, or transduced, to a cellular response that elicits
a response and or leads to mechano-adaptation (see
Fig. 1). My hypothesis is that all reported changes in ion
fluxes, protein levels and phosphorylation, changes in
potentials, signaling molecules levels, or any biochemi-
cal changes are provoked by a mechanical modification
somewhere within the cell or on its membrane. There
are no biochemical modifications without prior me-
chanical change. Somehow cells within e.g. bone detect
their mechanical usage, including weight, and adapts its
structure accordingly. Similar processes occur in other
systems like plants.

Instruments and Methods to Study (Sub-) Cellular
and Molecular Mechanics

In the more distant past, mechano-biological studies
were generally performed on tissue level like whole
muscle groups or single bones. Recently we see a shift
towards smaller entities like single cells or even indi-
vidual molecules. Various instruments and techniques
have been developed to study cellular mechanics.

@ Springer

Although not extensive, we shall address some of the
most common technologies used to qualify and quantify
cell mechanical properties (see Fig. 2).

Cole published one of the first papers on the practical
use of the voltage clamp better known as the patch
clamp technique (Cole 1949). In short, a small pipette
is filled with suitable solutions. A metal electrode in the
solution conducts electrical changes to a voltage clamp
amplifier. In this way the transport of ion through indi-
vidual ion channels in the membrane can be monitored.
Although this technique is not used to directly measure
cell mechanical properties several studies have shown
mechanosensitive ion channels like the one for calcium
(Autret et al. 2005).

Later, similar pipettes were used for a membrane as-
piration technique developed by Mitchison and Swann
(1954) in the early 1950s, in which forces are applied on
the cell or vacuole membrane in order to deform them.

One of the earlier studies directly measuring whole
single cell mechanical parameters were performed by
McConnaughey and Petersen (1980) in the early nine-
teen eighties using a cell poker. In these ‘cytotensiomet-
ric’ measurements using attached mouse 3T3 fibroblasts
they were able to apply a force of 10 uN (10~ dyne).
Current developments lower the applied force to few
picoNewton (pN).

Coated magnetic beads can be firmly attached to a
cell surface. Applying a directed magnetic field to such
a system forces the beads to rotate and thus apply a
mechanical stress onto that part of the cell surface.
Wang and coworkers introduced this technique in 1993
(Wang et al. 1993).

Fig. 2 Cartoons for the various tools and techniques used in P>

mechano-biology. a Membrane aspiration. b Cell poking or mem-
brane indentation. See also for a recent example of a cell poking
study the paper by Geitmann (2007) in this same ASGSB Bul-
letin issue. ¢ Application of magnetic beads attached to a cell
surface. d Representation of a standard optical tweezer setup.
The beads are trapped with two laser beams. A polymer, like
DNA, or a complete cell may be attached between to the beads.
By shifting the path of the lasers one can move the beads and
apply a force to the interconnecting object. e Representation of
a particle tracking set-up where stained particles within a cell
can be monitored using a regular light or fluorescent microscope.
f A squeezing plate or probe. The upper plate can move carefully
towards an attached cell. g An AFM set-up. The cell surface is
probed with a tip fixed to a constantly vibrating cantilever. Both
height and force can be measured. h Surface stretch/deformation
experiment. Studies are most often performed applying a uni-
direction or omni-directional stress. i Simple representation of
a gravity force acting upon a monolayer of cells. See for an
overview of gravity related ground facilities van Loon et al.
(1999). j Simple representation of hydrostatic pressure acting
upon a cell monolayer. k Fluid shear stress acting upon a cell
monolayer. 1 Vibration acceleration in X-Y direction applied
onto a cell monolayer



Microgravity Sci. Technol (2009) 21:159-167 161

Magnetic Beads
Cell Pokers Membrane Aspiration J
F (pN - nN/ F (torques : in order of 10 -'* Nm)
i F (few pN -t)/" .
micro micro 10pN-10nN
manipulator manipulator ~— @ ‘F (10pN-10nN)
- cell cell cell
A B C
Optical / Magnetic Tweezers Particle Tracking Squeezing Plates
F (~pN-nN F ~0.1-0.3 nN -
(~pN-nN) (max ~0.1-0.3 nN) objective I F (~ max 500 pN, res. 10 nN)
laser beam
laser beam
bead in situ particles or injected beads
ead .t bead .
polymer @ Fi" -
or: cell
laser beam laser beam % - ?
g g @ cell
D E F
Atomic Force Microscope
cantilever Surface Stretch
F (strain)
F (_'pN)l Gravity
® == T e
cell — — - - - -
G H |
Fluid Shear Stress
F (~pN-nN (Pa/surface)) o
Pressure e Vibration
Pa (Nm=2) y
* * * 1 > x (along shearing direction)
X 4 */\ ¥ \(\ ¥ ¥
. — cell -— cell - -cell -
J K L

Optical tweezers utilize an optical field gradient to
“trap” micron-sized refractive objects such as poly-
styrene beads. This trap can be controlled spatially in
three dimensions. Single molecules can be attached to
beads or to the cell surface, e.g., via integrins. The re-
lation between the displacement and force (i.e. strain)
provides information of the mechanical properties of
the material. Sasaki et al. (1992) introduced the tech-

nique in 1992 and the work of Ashkin (1997) promoted
its application in biological studies. Magnetic beads
were earlier applied in a magnetic tweezer set-up using
a single DNA molecule by Smith et al. (1992).
Magnetic properties may also be applied to study
cell mechanical properties. Kuznetsov and Hasenstein
(1997) applied a ferromagnetic wedge to generate a
high gradient magnetic field to dislocate amyloplasts

@ Springer



162

Microgravity Sci. Technol (2009) 21:159-167

in barley coleoptiles and tomato hypocotyls. High
gradient magnetic fields can be applied at a larger
scale, i.e. to whole organisms for example in a suffi-
ciently large bore of a Bitter magnet. Berry and Geim
(1997) demonstrated the levitation of various biological
organisms including a living frog. The authors pos-
tulated that magnetic levitation might be seen as
possible microgravity simulations for biological sam-
ples. However, a distinction has to be made between
compensating weight and other phenomena such as
convection, as compared to real microgravity (Poodt
et al. 2005) especially for inhomogeneous biological
samples.

Besides using external forces, we may also use
straightforward observation to track intracellular
components. Molenaar et al. (2003) used fluorescently-
tagged beads coupled to telomeric complexes to study
the dynamic behavior of the telomeric DNA in os-
teosarcoma cells. Tseng et al. (2002) made use of the
inherent Brownian motion of microinjected fluores-
cent particles in a live-cell multiple-particle-tracking
microrheology technique. They showed that the cy-
toplasm is much more mechanically heterogeneous
than relatively simple reconstituted actin filament
networks.

With a micro-squeezing plate it is possible to apply
static or dynamic loads up to about 500 uN with a
resolution of 10 uN on individual cells, measuring the
resulting forces while observing the cell with a con-
focal microscope (Peeters et al. 2003). The device is
specifically developed to study the cellular background
mechanisms for pressure sores.

A fairly commonly used device in biomechanics is
the atomic force microscope, AFM. With the advent
of the AFM (Binnig et al. 1986) resolution on the
nanometer scale has become possible and its ability to
manipulate objects is a significant improvement over
light microscopy. In many ways this method is related
to cell poking, but it has better spatial and force resolu-
tion. The obvious limitation of the technique is that ma-
nipulation can only occur through the accessible surface
of a cell, i.e. one cannot measure elastic moduli inside
the cell without an influence of boundary conditions.
Recently, AFM has been used in combination with
gravity loading (van Loon et al. 2008).

One often-used paradigm on whole cell monolayers
is surface stretch. A monolayer of cells is grown on a
flexible membrane that is stretched or otherwise de-
formed to apply a mechanical stress via the substrate to
the cells. Murray and Rushton (1990) developed one of
the first systems of this kind used in bone biology using
mouse calvariae cells studying PGE2 release. Gilchrist
and colleagues (Gilchrist et al. 2007) studied individual
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cells using a micrometer device providing a uniaxial
stretch to a cell-seeded substrate.

We can also use gravity as one of the environmental
parameters to study basic processes in life. However,
the focus in gravitational biology has long been, and
maybe still is, the actual space flight, microgravity or
better microweight experiments. If we want to study
the impact of weight onto systems, it is as important
to go into orbital space flight, as it is relevant to use
centrifuges. Although physical processes, and there-
fore biological systems, are behaving differently under
(near) weightlessness (Albrecht-Buehler 1991; Todd
1989; van Loon 2007c) including studies under hyper-
gravity c.q. hyper-weight conditions provide informa-
tion for the entire gravity spectrum (Hatton et al.
2003; Hemmersbach and Haeder 1999; Thoumine et al.
1996; Searby et al. 2005; Tabony 2004; van Loon
et al. 1999). It was at first argued from a purely physical
point of view, that non-specialized single cells might not
be susceptible to small forces such as gravity (Pollard
1965; Went 1968), many studies have shown otherwise.
In an experiment using an AFM within a large-radius
centrifuge we were able to monitor shape changes
of the same cell going from 1 to 3 x g (van Loon
et al. 2008). Not only hypergravity centrifuges but also
microgravity simulators such as clinostats or random
positioning machines (RPM) are very useful tools in
this respect (Klaus 2001; Briegleb 1965, 1967, 1992;
Galland et al. 2004; van Loon 2007a).

Another paradigm to study cell mechanical proper-
ties is by the application of hydrostatic pressure. This
has also been used quite frequently in studies on cell
mechanics in the plant and animal kingdom in cell
turgor (Geitmann 2007) or bone/cartilage research, re-
spectively (Veldhuijzen et al. 1979; Klein-Nulend et al.
1987). In a more recent study by Kim and coworkers
(Kim et al. 2007) hydrostatic pressure was used to study
signal transduction pathways and mechano-transducers
in mesenchymal stem cells. They showed that cyclic
hydrostatic pressure enhances osteogenesis in a 3D
culture system via ERK1/2 activation.

Osmotic pressure also provides insight in cell me-
chanics and functioning. Chondrocytes exposed to a
hypo-osmotic stress reveal a decrease in elastic moduli
and apparent viscosity but changes were not apparent
when cells were exposed to hyper-osmotic environ-
ment. Rapid changes in cortical actin were noted with
hypo-osmotic stress (Guilak et al. 2002).

The study of the impact of fluid shear stress onto cells
has emerged from studies on the vascular system. While
the focus in earlier reports was on the interaction of
white blood cells to a vessel wall (Schmid-Schoenbein
et al. 1975), recent studies apply fluid shear to unravel
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signal transduction pathways in endothelial cells (Sun
et al. 2007). It has been postulated that fluid shear
might also regulate bone cell mechanics (Piekarski and
Munro 1977; Cowin et al. 1991). Recent studies from
our lab have shown that MC-3T3-E1 osteoblastic bone
cells are particularly responsive to specific fluid shear
stress rates (Bacabac et al. 2004).

In addition to the auditory and cochlear system vi-
brations play an important role in nature. Vibration
at large frequency ranges are used by a variety of
sensory systems, like the ear or the proprioceptive
sensors in feet or jaws in order to locate pray or for
communication (Hill 2001). However, vibrations may
also be exogenously applied to generate a biological
effect. Tanaka et al. (2003) applied Gaussian quasi-
white noise to stimulate bone formation. Stochastic
noise experiments in our lab using frequencies be-
tween 5 and 100 Hz have shown that nitric oxide and
prostaglandin E2 production respond at specific fre-
quencies. These effects might be due to nuclear motion
within the cell during vibration (Bacabac et al. 2006).
Naturally occurring vibrations due to Brownian mo-
tions can be used to estimate cell compliance as has
been shown by Bacabac and colleagues (Bacabac 2006).
Fitzgerald and Hughes-Fulford (1996) showed that the
revere random vibrations during a Shuttle launch have
a significant impact on gene expression in osteoblastic
cells.

Also various configurations of cell culture micro pat-
terned substrates are applied in relation to mechanobi-
ology (Balaban et al. 2001). Lemmon and Romer (2007)
started to use flexible rod shaped structures fixed onto
a culture surface to which cells could attached. The
rods would deflect in response to internal outward-
directed forces. Loesberg et al. (2006, 2007) used an
isotropic microstructured surface in combination with
hypergravity stress or simulated microgravity in a ran-
dom positioning machine, RPM, to reveal the forces
involved in cell orientation and morphology. Properties
of standard plastic culture flasks are often taken for
granted. Experiments are performed with regular tissue
culture substrates, which is quite distant from the actual
in situ mechanical environment that cells experience
in vivo. Therefore cells are likely to incorporate such
external conditions into their physiological response
(Georges et al. 2004).

Finally, data emerging from biomechanical experi-
ments of the sort mentioned above can be used to build
a virtual cell. One can construct so-called finite element
models, FEM, of a single cell or its components. Stud-
ies using these models can reveal interesting new in-
sights into mechanical processes that later can be tested
in vivo (Prendergast 2007).

Discussion

The last decade has seen a very fruitful contribution
by physicists and engineers to biological questions such
as in mechano-biology. In line with the terminology
for DNA, RNA or protein research, genomics, tran-
scriptomics and proteomics, respectively, we might use
the term mechanomics to describe all the mechanical
phenomena involved in cell physiology. This term was
introduced by Sem et al. (2001). They used nuclear
magnetic resonance, NMR technologies that charac-
terize protein—ligand interactions combined with bioin-
formatics strategies across large families of proteins.
The term “enzyme mechanomics” describes this newly
enabled gene family wide characterization of structure—
function correlations but the term may be applied more
widely. Mechanomics could include all mechanical in-
teractions on the level of the cell, tissue and whole
organism. On a cellular level, cytoskeleton elements
are likely candidates for force generation and trans-
duction processes. More intricate and possibly localized
processes include the mechanical properties between
the main cytoskeletal components and connections be-
tween the cytoskeleton and the cell membrane or cell
wall. Mechanomics would also include molecular mo-
tors that use cytoskeletal structures such as myosins,
dyneins, prestins or kinesins to facilitate intracellular
transport and contractions. Processes like particle in-
vagination, cell division, motility, cytoplasmatic stream-
ing or particular ion channels are largely depending
on mechanical or other physical processes. Therefore
we should expand the term ‘mechanomics’ to include
other physical parameters such as pressure, tempera-
ture, electro-magnetic fields et cetera and use a more
comprehensive term of ‘physicomics’, which covers all
physical properties involved in cell, tissue or body
physiology. Characteristics and interactions of physical
properties within a cell should be published similarly as
in proteomics studies such as by Forgacs et al. (2004) on
signaling networks and the cytoskeleton.

While the very first space biology experiments were
quite basic and from the ‘look-and-see’ type, experi-
mental facilities for gravitational biological studies have
been improved over the years. However, current facil-
ities and modules for space flight in vitro cell biology
studies are still limited to the very basic ‘rinse-and-
fix’ type studies like in European facilities such as
Biolab, Kubik or EMCS. Cells are cultured for some
time, maybe some media changes are performed and
finally stopped by chemical fixation. The nature of
these experiments limits the assays mostly to mechano-
transduction and mechano-adaptation but is less ca-
pable for studies on mechano-perception as shown in
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Fig. 1. Studying mechanosensing or gravisensing, es-
pecially in ‘non-professional’ cells, depends on flight
facilities and the concepts and technology of the devices
described here. If we want to unravel gravisensing we
need to invest in more specific and sophisticated facil-
ities capable of real time measurements such as confo-
cal and near scanning field microscopes, atomic force
microscopes and optical and magnetic tweezers. Such
research facilities would cover a broad basis for cell
biological research on the International Space Station,
as initially promised for ISS and some suggested by
the science community years ago (Goede et al. 1992;
van Loon and van Hulst 1999). However, none of these
capabilities have been realized up till now.

It seems that the hypothesis based on the vari-
ous physical properties posed by Pollard (1965), Went
(1968) or Albrecht-Buehler (1991) that the force of
gravity is too small to provoke direct physiological
responses effect on a single, non-professional cell is
still valid. However, there are other examples in nature
where the forces for mechanical loads onto a system, as
measured or predicted in vivo, are too small to generate
a biological response. It has been shown that bone cells
do respond to fluid shear stress in vitro (Piekarski and
Munro 1977) and that these shear forces may account
for bone mechanoadaptation in vivo (Burger et al.
1998). However, the in vitro forces applied are much
larger compared to predicted in vivo conditions. In
an attempt to bridge this gap in understanding bone
mechanoadaptation Han et al. (2004) postulated a 3D
model to amplify the mechanical stress by about one
order of magnitude. In the auditory system a model is
proposed that amplifies the signal for high frequencies
by hair bundles in the cochlea (Kennedy et al. 2005),
while Brokaw postulated structural models that am-
plify the strain generated by motor enzymes (Brokaw
1997). Even relativistic models have been proposed to
explain the way biological systems might amplify the
impact of weak electromagnetic field onto cells (Saxena
et al. 2003). So although gravity is a weak force on
a cellular dimension similar amplification mechanisms
as mentioned above might play a role in gravisensing,
especially in non-professional cells.

The nature and localization of the mechano- or grav-
ity sensor are key questions. Although this paper does
not focus on the possible molecular candidates for this
sensor, see for review by Hughes-Fulford (2004), as
hypothesized, this molecule(s) should be able to go
through some kind of conformational change. I it is
likely to be found in the load-bearing regions of or
near the focal adhesion complex and corresponding
cytoskeletal connections as shown for cdc42 molecule
(Xiang et al. 2006), vinculin (Balaban et al. 2001),
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fibronectin (Baneyx et al. 2001), angiostatin (Grandi
et al. 2006) or PECAM-1 (Osawa et al. 2002). How-
ever, other regions within the cell should not be ex-
cluded nor the possibility that due to (micro-)gravity
mobile parts within the fluidic membrane might be
rearranged in such a way that different reaction kinetics
might become apparent. The current assumption that
many effects of (micro-)gravity on suspension cultures
stem from the lack of convection in near weightless-
ness (Klaus 2001; Thevenet et al. 1996; Brown et al.
2002), this phenomenon could also apply to attached
cells.

Gravity is a body force, so the whole cytosol might
somehow be involved and this stress might be guided or
concentrated to limited areas such as focal adhesions.
It has been postulated that the small effect of grav-
ity is integrated and/or amplified through mechanisms
like reaction-diffusion (Turing 1952; Papaseit et al.
2000), stochastic resonance (Pierson and Moss 1995;
Galvanovskis and Sandblom 1997; Greenwood et al.
2000; Héanggi 2002) or ‘signal averaging’ of a constant
small stimulus (Kondepudi 1991).

Experiments applying mechanical forces like fluid
shear stress or tethered beads exhibit a threshold value
of ~1nN per cell (Huang et al. 2004). The force to gen-
erate a conformational change in individual molecules
like FAT-Paxillin is 125pN (Kamm and Kaazempur-
Mofrad 2004). The maximum force that can be gen-
erated due to the weight of an attached model cell,
i.e. half sphere with diameter of 10 um and a density
1.1 x 10® kg/m?, is about 5 pN. This force is even
reduced if we consider the cell immerged in e.g. water.
The apparent weight would be only some 5% of this
i.e. 0.25 pN Simple Newtonian mechanics imply that
1 nN or 125 pN is equivalent to about 200 and 25
times the force resulting from unit gravity, respectively.
The effect of gravity on, especially, non-professional
gravisensing cells suggests the existence of a no straight-
forward linear relation between the magnitude of this
force and its impact on cells.
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