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All organisms on earth have evolved at unit gravity and thus are probably adapted to
function optimally at 1g. However, with the advent of space exploration, it has been
shown that organisms are capable of surviving at much less than 1 g, as well as at greater
than 1 g. Organisms subjected to increased g levels exhibit alterations in physiological
processes that compensate for novel environmental stresses, such as increased weight and
density-driven sedimentation. Weight drives many chemical, biological, and ecological
processes on earth. Altering weight changes these processes. The most important phys-
iological changes caused by microgravity include bone demineralization, skeletal muscle
atrophy, vestibular problems causing space motion sickness, cardiovascular decondition-
ing, etc. Manned missions into space and significant concerns in developmental and
evolutionary biology in zero and low gravity conditions demand a concentrated research
effort in space-medicine, physiology and on a larger scale - gravitational biophysics.
Space exploration is a new frontier with long-term missions to the moon and Mars not
far away. Research in these areas would also provide us with fascinating insights into
how gravity has shaped our evolution on this planet and how it still governs some of the
basic life processes. Understanding the physiological changes caused by long-duration
microgravity remains a daunting challenge. The present concise review deals with the
effects of altered gravity on the biological processes at the cellular, organic and sys-
temic level which will be helpful for the researchers aspiring to venture in this area. The
effects observed in plants and animals are presented under the classifications such as
cells, plants, invertebrates, vertebrates and humans.
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1. Introduction

All living beings on earth experience the gravitational field of the earth. Gravity
has been constant throughout the evolution of life on earth. Gravity is a vector, Le.
a force that has magnitude and direction at each point in space. Millions of years
of evolution in an environment containing this constant factor have led life forms
on this planet to acquire characteristics that are not only shaped by it but are
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also adapted to utilize it for their benefit. For instance, large marine creatures like
whales use their capacious lungs as buoyancy tanks and use their fins and tails to
remain afloat or to be mobile. Without these adaptations, they would have quickly
sunk to the seabed. Protozoa seem to utilize gravity depending on the preferred
living conditions.l Paramecium which feeds on aerobic bacteria, shows a negative
gravitaxis, i.e. the cell population swims mainly upwards, against the gravity vector,
thus reaching oxygen saturated layers. Some species such as aquatic insects detect
gravity using air bubbles trapped in certain passageways viz., tracheal tubes.2 How-
ever, most organisms use statocysts consisting of a fluid-filled chamber lined with
a hairy, touch-sensitive epithelium containing statolith which is a solid granule of
higher density.2 Interestingly, biological systems have been able to exploit their
designs and molecular mechanisms to increase the sensitivity of their thresholds of
detection. The vibrations detected by the Corti organ in a mammalian inner ear
can be of the same order of magnitude or even less than thermal noise motion.3

In the pre-space flight era it was believed that any changes in the magnitude of
the gravitational vector would affect the organisms only on a macro scale, physio-
logical level (changes in blood flow volume, changes in inter-cranial fluid pressure,
vestibular dysfunction, etc.). Mechanical forces, which are important to pulmonary
structure and function, are produced by gradients in gravity, motion, osmotic forces,
and interactions between cells and/or cell matrix. But subsequent observations have
shown that gravity or the absence of it has a direct effect at the cellular level where
cellular organelles 'or components transduce the mechanical gravistimulus to an
electrochemical signal.4-6 How this transduction occurs remains a mystery and is
still driving a lot of frenetic research.

Manned missions into space and significant concerns in developmental and evo-
lutionary biology in zero and low gravity conditions demand a concentrated research
effort in space-medicine, physiology and on a larger scale - gravitational biophysics.
Research in these areas would also provide us with fascinating insights into how
gravity has shaped our evolution on this planet and how it still governs some of the
basic life processes. This review deals with the developmental aspects of plants and
animals as well as the behavioral aspects of animals in altered gravity. It also deals
with the physiological responses of cells, microbes, plants, animals and humans. A
section is dedicated to how gravity might have played a role in the evolutionary
process.

2. Influence of Gravity on Life

Organisms have developed particular sizes and shapes which would make them more
capable of efficient competition for survival. At least, in the short evolutionary time
range, size and shape of organisms are strictly controlled internally. At most, the
availability of nutrients is the main external parameter influencing them but there
can be little doubt that if life had evolved in a different gravity environment, the
sizes and shapes of organisms would be different. Eggs and early cleavage cells
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are among the largest cells known. Till recently, physicists were of the opinion that
changes in gravity would not affect cells as gravity is a weak force compared to other
physical forces, e.g.. electrostatic, acting within cells.4 However, in spite of gravity
being a weak force, its effects could be clearly detectable in them. Nevertheless, if
one of the characteristics of complex organisms is more or less complete assimilation
by endogenous (genetic) regulatory mechanisms of processes that may have been
originally directed by the external/internal non-genetic physicochemical processes,
these effects may have become obscured by the more robust and recent autonomous
genome-encoded mechanisms. 7

Feeding efficiency may be affected by gravity if the animals feed by filtering sus-
pended particles creating currents that carry the particulate food to their mouth
opening. In normal gravity, the food particles tend to sink to the bottom and fil-
ter feeders must be able to suspend and collect the particles with some apparatus
such as ciliary wreaths. In hypergravity, particle sedimentation rate increases thus
reducing the animal filtering efficiency while in hypogravity, mainly microgravity,
filtering rate will increase. Differently, some bacteriophagous animals do not possess
structures to collect the food but commonly live and move into sediment and feed
on the bacteria upon encounter. Hypergravity will apply higher pressure on their
bodies and could force them to adhere to some surface and to reduce their displace-
ment while hypogravity, mainly microgravity could impede adhesion to the surface
and make food item encounters improbable. Thus gravity perturbations may affect
animal life - history traits such as survival or fec,!ndity by influencing their feeding
efficiency. Studies on these effects on the reproducing capacity of feeder organism
(Macrotrachela quadricornifera, Rotifera Bdelloidea) and bacteriophagous (Pana-
grolaimus rigidus) show that microgravity did not impair rotifier and nematode
survival nor reproductive capacities while hypergravity affected the rotifiers and
severely the nematodes.8

Organisms live in four-dimensional space-time. The time dimension decides the
life cycle - an expression of its development of each organism. The cyclesof dif-
ferentiation expressed in the timeframe of evolution has given rise to the biological
diversity on earth. In other words, phylogenesis can be understood as alterations
in developmental processes. Thus, species of organisms are groupings of individuals
that share developmental processes. The process of ontogeny occupies an appro-
priately central position in gravitational biology. It is thus natural and necessary
to study the role of gravity in development. Hamsters exposed to hypergravity
showed no apparent changes in locomotion but showed obvious disturbances in
swimming ability.9 They swam more slowly than the controls and were observed to
swim underwater and to circle while swimming. Some of them even succumbed to
drowning.

Mammalian development requires an intact, integrated system of mother and
offspring. This family system, as a unit, undergoes its own development, based
on coordinated changes within and between the mother and offspring. Any factor
that disrupts the mother or the offspring can disrupt the mother-offspring system.
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If this occurs, the organizing influence of the system on its components is likely
to change thus possibly disrupting the ontogenic processes within the individuals.
Direct effects of gravity on mammalian development are elusive as it involves bidi-
rectional linkages between mother and offspring.1O A change in one may change
the other. They are those that operate through a primary relation with the recip-
ient organism or tissue. It is found, for example, gravitational forces are required
for vestibular receptors to develop fully articulated afferent connections to the
brainstem and for calcium metabolism to be continuously expressed during skeletal
formation.1O Indirect effects of gravity are those that are expressed through avenues
of the mammalian system, e.g. rat pups grow slowly during spaceflight.1O If mother
rats cannot stabilize their bodies in a nursing posture or if the pups cannot retain
metabolic heat because their huddling behavior is disrupted, the altered growth
effect would clearly be an indirect consequence of weightlessness.

2.1. The evolutionary aspect

Plants have evolved structures to support against gravity such as cell walls com-
posed of pectins and hemicelluloses for cell wall dynamicity and cellulose-lignin
composite for cell wall strength.11 Fossil records of early terrestrial plants sug-
gest that modifications in stem, leaf, and root morphology and anatomy capable
of simultaneously coping with self-weight and wind-induced drag forces evolved
by Devonian times.12 Animals have also evolved bones to support against grav-
ity. Bones are composed of collagen-hydroxylapatite composite for dynamicity and
strength.11 The inverted dorsal-ventral organization of the chordate phylotypic
stage compared with that of arthropods could be a response to change in orien-
tation with respect to gravity.13 Muscles of the hind and fore limbs are developed
accordingly depending on the position of the center of gravity (CoG); if the CoG
is towards the anterior end, the forelimbs are comparatively well developed than
the hind limbs and vice versa.14 Climbing and non-climbing snakes show marked
differences in physiology such as high arterial pressure, blood pressure regulation
by baratatic adjustments of flow and flow resistance, relatively low-compliant body
wall and integument, etc.15

However not much is known about the evolutionary past. Fossil records are
fragmentary and even the origin of Metazoan evolution is clouded with obscurity.
The present consensus indicates that most or all current existing phyla appeared
more or less simultaneously just before the Cambrian, around 600 million years
ago, during the Vendian period of the latest Neoproterozoic Era, or even earlier
if some estimates are correct.16,17 Very less evidence is found on how development
occurred and/or changed during evolution, particularly during Metazoan evolution.
The few available data include recent findings of developing embryos in 600 million
years old phosphorites in the Doushanto formation in Southern China.18,19 They
show large eggs actively cleaving into smaller cells, probably steroblastulae, as the
early embryonic structures of these primeval organisms. Hence it can be suggested



Life and Gmvity 303

that in the early Metazoan evolution, some eggs and early embryos became quite
big, probably due to the "assimilation" of oogenic storage processes that made the
development of these early systems independent from external supplies. Big cells
could be the targets of gravity-driven processes that at least initially could provide
important signalling cues guiding the development of primitive Metazoans.

2.2. Cells

Progress of gravitational cell biology research depends on the continuing evaluation
of a wide variety of physical phenomena affected by gravity and their roles in extra-
cellular, intercellular and intracellular processes. Single cell functions are affected
by perturbations in their internal and external environment by a variety of fac-
tors which includes gravity.20 Physical phenomena influencing cell function include
sedimentation, buoyancy-driven convection, streaming potential, hydrostatic pres-
sure and interactions among physical transport processes. Thermal motion and
fluid viscosity playa significant role in all transport processes at the cellular level.
The sedimentation of intracellular organelles is counteracted by the cytoskeleton.
In microgravity, extracellular solutes must be transported by diffusion or active
circulatory processes in the absence of a density gradient-driven convection and
flocculation and coalescence are reduced by the lack of aggregates.

'All major physical components of gravity can have important effects on cell
function.21 For instance, compression due to hydrostatic pressure, can affect the
internal load-bearing structure of the cell (actin, microfilament, and microtubule
cytoskeleton) making it more or less resistant to compression. In microgravity the
cytoskeleton would be expected to become less prominent because of less need to
support load due to hydrostatic pressure. Another prominent effect of hydrostatic
pressure due to gravity is the adhesive compression of the cell against a rigid sub-
strate or other cells. The cell's own weight is likely to have the same type of effects
as hydrostatic pressure.

The second physical component of gravity is differential acceleration of cel-
lular organelles which is best documented by gravitropism studies of plant cells.
In plants, starch containing amyloplasts (statoliths), are cellular organelles denser
than the rest of the cytoplasm. As a result of this greater density at unit gravity,
statoliths sediment to the bottom of the cell. The plant cell then detects the posi-
tion of the statoliths and directs root cellular proliferation in that direction.22,23
In microgravity this process is disrupted, but can be restored by artificial grav-
ity (centrifugation).21 The molecular mechanism for the signal transduction of the
gravity information in plants is still not well understood though this is one of the
clearer examples of a biological gravity sensor. In all eukaryotic cells, the nucleus is
also a potential gravity sensor. The tightly packed DNA in the nucleus is about 20%
denser than the rest of the cell. At 1g, this would tend to make the nucleus sink to
the bottom of the cell; however the cytoskeleton actively maintains the nucleus in
place. This process transfers a nuclear load to the cytoskeletal fibres adjacent to the
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nucleus and could be another way of transducing information about the direction
and magnitude of the gravity field the cell is subjected to.20 Although this effect is
postulated, no molecular mechanism for sensing nuclear positioning is known yet.

The final physical component of gravity relevant to cells is thermal convection.
At 1g, heated fluids rise to the top along the gravity vector. Heated fluids are then
replaced by cooler fluids, establishing a convection current that rapidly dissipates
heat, renews nutrient supplies, and removes waste materials.20,24 This factor is
most important where no fluid flow (e.g. blood flow) exists to dissipate metabolic
products and exchange nutrients around the cell. Without convection, slow diffusion
processes are the only means for heat and nutrient exchange. This factor is likely
to be most relevant in plants and single celled micro-organisms like some bacteria
that have no motile structures like cilia or flagella. Although blood flows in animal
tissues mostly overcomes this effect, this could still be a factor in cells localized
where blood flow is minimal.

Initial studies concentrated on the fine structure (morphology) of cells grown
in microgravity and looked at issues like position of organelles, cytoskeletal density
and organization, nuclear structure, etc.25,26 Studies have also been performed at
the cellular and tissue level focusing on how cells migrate and position themselves
during development in the frog,27 how fertilization and development occurs,28,29
etc. The most prominent microgravity-induced cellular and tissue differences have
been identified in bone tissue cells,25 muscle tissue cells26 and in immune system
cells.3o In all three cases, structural abnormalities correlate to bone, muscle and
immune disorders observed as a result of spaceflight.

Another class of cellular studies focused on metabolic and signaling pathways.31
These biochemical studies of cells have yielded results showing that many impor-
tant pathways are affected by microgravity. Among these are basic energy metabolic
pathways, and proliferating (mitogenic) pathways. As a result in changes of these
pathways, cellular functions like migration, growth/division, and survival are
altered by microgravity. More recently, studies have been started to be conducted
at the genomic level.33,34In these studies, gene arrays are used to determine which
genes are expressed at the level of mRNA by cells in microgravity. mRNA is ulti-
mately translated into proteins that direct every function of the cell from signaling
to structure.

There are three possible linkages between gravity detection and transduction.
First it maybe that gravity causes stratifications of dense bodies within the cell
thus inducing changes in hormones or secondary messengers that control growth.35
Secondly, gravity may cause stratification of dense charged bodies, the movement
of which through the bioelectric field of the cell may open and close hormone
and transport channels resulting in asymmetric growth.36 Thirdly, gravity-induced
hydrostatic pressure could cause deformation of the cell's fine structure resulting
in asymmetric growth.37 Hence the possibility of a direct coupling between the
gravitational force and the complex electrical circuitry within the quasi-crystalline
matrix of the cell should be considered.38
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2.2.1. AIicrobes

The graviresponses of Paramecium biaurelia consist of two components viz., gravi-
taxis and gravikinesis. Hypergravity increased gravitaxis as well as gravikinesis but
there was no direct relation between the twO.39It was found that 0.16g was the
lowest acceleration necessary to maintain a gravitactic response. Below this, ran-
dom distribution of Paramecium biaurelia occurred. Long-term cultivation for up
to 14 days in microgravity did not show dramatic changes in morphology of the
protists although the proliferation rate increased. Behavioral changes due to the
lack in gravity were restored after return to 1g conditions. Hypergravity showed no
saturation of gravireactions in ciliates up to 5g conditions. 1 It may be speculated
that perceiving of and reacting to gravitational forces is not the limiting factor for
survival of ciliates on other planets whereas most remaining physical or chemical
parameters (temperature, pressure, atmosphere, radiation) will probably be past
endurance of protists.

The production of antibiotics gramicidin S by Bacillus brevis and microcin B17
by E. coli ZK650 was inhibited, although the test strains grew faster in the simulated
microgravity conditions compared to in normal gravity conditions.4o Simulated
microgravity increased the virulence of E. coli and S. typhimirium.41 Microgravity
is found to enhance the growth of planktonic bacteria. The speed of upward swim-
mipg euglena was found to be greater than horizontal and downward swimmers.42
Gravitactic simulation resulted in short period of hyperpolarisation followed by a
massive depolarization in Euglena gracilis.43 The membrane potential returned to
initial values after a period of about 0.2 seconds. The possible sequence of events
during gravitaxis begins with the force applied to the lower membrane by sedi-
mentation of cell body resulting in the activation of environmentally sensitive cal-
cium channels thus modifying the beating pattern of the trailing flagellum through
changes in membrane potentia1.44,45 Understanding the mechanisms of graviper-
ception in protists would possibly help to answer questions on the role of gravity
in smaller cell systems such as mammalian cells.1

2.2.2. Plant cells

Establishing the role of gravity in plant requires information about how gravity reg-
ulates individual cell metabolism. Plant cells and tissues in vitro are valuable models

for such purpose. Plant cells are enclosed with a cell wall which gives them charac-
teristics different from animal cells. The cell wall provides the cells with structural
rigidity thus directly determining their size and shape. Hence it has been assumed
that the cell wall plays an important role in gravity resistance instead of the bones
and muscles in the animal body.46,47Evidence for this view has been obtained by
micro- and hypergravity experiments.47 Data obtained from non-numerous space
and clinostat experiments with plant cells in vitro have demonstrated that their
metabolism is sensitive to g-environment. Noted ultrastructural arrangement in
cells, mainly plastids and mitochondria, has been related to altered energy load
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and functions of organelles in microgravity. Also, changes in the lipid peroxida-
tion under altered gravity supposed with modification of membrane structural-
functional state.48 Altered gravity might decrease nucleolar functional activity in
root meristematic cells.49 Experiments performed in microgravity showed that the

position of statoliths in root cap cells depends on two forces, the external gravita-
tional force and the internal force exerted putatively by cytoskeletal proteins50 like

actomyosin. 51
Short duration weightlessness has an influence only on epidermal cell wall struc-

ture in epidermis of mesophylls of 'Iriticum leaves and epidermis and phloem of
Impatiens hypocotyls and cotyledons. 52 Clinorotation reduced the number of mes-
ophyll cells in Arabidopsis and pea. 53 However the mesophyll intercellular space
increased for both the plants and there was not much difference in the number
of chloroplasts. Clinorotated pea chloroplasts showed a decrease of thylakoids dur-
ing grana development. Palisade cell chloroplasts showed an increase in the volume
and accumulation of starch and plastoglobuli under clinorotation.53 Volume of mes-

ophyll palisade cells increased in Brassica rapa during spaceflight. 54Mesophyll cell
volume and RuBisCo activity increased in pea plants clinorotated for 12 days.55
The extent of stacking of thylakoid membranes decreased possibly due to a decrease
of light-harvesting chlorophyll ajb-binding complex (LHCII) amount. 54 Clinorota-
tion reduces the efficiency of energy transformation in the photosynthetic process
in pea56 as well as Arabidopsis57 chloroplasts.

Centrifugation is found to increase production of nitric oxide and hence DNA
fragmentation and cell death in Kalanchoe daigremontiana.58 Nit~ic oxide is
involved in DNA damage leading to cell death by apoptosis in leaves and therefore
might be an important signaling molecule in plants.

2.2.3. Human cells

External load plays a critical role in determining muscle mass and its phenotype in
cardiac myocytes. Cardiac myocytes have the ability to sense mechanical stretch and
convert it into intracellular growth signals, which lead to hypertrophy. An increase
in mechanical load of cardiomyocytes stimulates myocardial growth. 59 This gives
rise to the expectation that reduced mechanical load, for example under hypograv-
ity, causes a reduction in myocardial mass. Hypergravity causes cellular hypertrophy
and changes in gene expression as found on earth in hypertrophied myocardium in
vivo and microgravity produces the opposite.6o Hippocampal cells can form unique
reliable representations of position on three orthogonal surfaces in microgravity but
they may require a period of adaptation or more experience with the environment
than is typically required in normal gravity. It remains to be determined whether the
hippocampal code in microgravity can fully represent three dimensions, or whether
the system adapts by developing independent two-dimensional representations for
each orthogonal surface. It is also unknown what cues drive the firing of place cells
under these conditions.61 Cultured glial cells adapt to changes in gravity and restart
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normal cycling processes. In other words, microgravity induces only transient alter-
ations in glial cells such that the functionality of the nervous tissue may not be
permanently impaired during long space missions.62

Fused myoblasts flown in space showed that flight muscle organoids were 10-20%
thinner compared with ground controls due to decreased protein synthesis rather
than increased protein degradation.63 Clinorotated osteoblastic ROS 17/2.8 cells
underwent apoptotic cell death which might be due to mechanical unloading pro-
duced by clinorotation suggesting the possibility that osteoblasts require mechani-
cal loading for survival and sustenance.64 This might be the cause of bone loss in
astronauts during spaceflights. Accumulation of lactic acid may occur around ani-
mal cells in microgravity causing the environment of cells to acidify. This also might
be another possible reason for bone loss in animals and humans in microgravity.65
Exposure to simulated microgravity changed gene expression profiles and the inhi-
bition of differentiation of 2T3 preosteoblasts to osteoblasts, eventually leading to
reduced bone formation. Microgravity downregulated levels of alkaline phosphatase,
runt-related transcription factor 2, osteomodulin, and parathyroid hormone recep-
tor 1 mRNAj upregulated cathepsin K mRNAj and did not significantly affect bone
morphogenic protein 4 and cystatin C protein levels.65 Short-term clinorotation of
mouse spleen lymphocytes increases significantly cell esterase activity while short-
term centrifugation of 10g decreases it and also increase their activation.66,67 In
an experiment carried out in 1983 in Spacelab 1, it was discovered that mitogenic
activation of T lymphocytes was nearly completely inhibited in microgravity.68
This is due to a malfunction of monocytes acting as accessory cells. Lymphocytes
were highly damaged under microgravity conditions while cells cultured at 1g in
flight on a 1g reference centrifuge underwent mitosis and blastogenesis. Ultrastruc-
tural changes observed by electron microscopy suggested that apoptosis is increased
in microgravity. This was later supported by the work of Lewis and colleagues.69
T-cells activated and cultured at 10g were found to become motile earlier than
those in normal gravity. 70

2.3. Plants

Plant growth and development are affected by a lot of different environmental
abiotic factors such as light, temperature and water supply. Immediately upon
germination, another physical stimulus, gravity, strongly influences the growth of
plant organs, root and shoot, in order to ensure their correct orientation in space and
the survival of the young seedling. Since plants have evolved under the constant
stimulus of gravity, its presence is one of the most important prerequisites for
their growth and spatial orientation. The ability of plants to change their growth
orientation in response to gradients in light and gravity maximizes their ability to
obtain energy from light and moisture and nutrients from soil. Plants show two
principal responses to gravity. One is gravimorphogenesis which enables plants to
orient their leaves to sunlight for photosynthesis and their roots to soil for anchoring
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and absorbing water and minerals. The second is to resist the gravitational force by
constructing a robust body. This graviresistance has been studied by centrifugation
and space experiments47 and is very distinct from gravitropism.46

Plant organs such as shoots, roots, tendrils and runners often perform rhyth-
mic movements often in a helical spiral fashion with a period that ranges typically
from minutes to several hours. Circumnutation and winding in plants are univer-
sal growth movements that allow plants to survive despite their sessile nature.
These are gravity-dependent morphogenetic phenomena in plants where endoder-
mal cells act as gravisensors.71 The amplitude and frequency of circumnutations
in sunflower hypocotyls decreased and rotational change in direction occurred
often in microgravity.72 In hypergravity, the amplitude and period of nutations
increased. 73

2.3.1. Growth and mechanical properties

Clinorotation caused straightening of gravitropically curved roots in cress.74
Microgravity stimulates elongation growth of rice coleoptiles 75 and Arabidopsis
hypocotyls.76 Seed germination is faster in microgravity for flax77 and rice.78 Also
the root lengths were found to be higher. 77,78Elongation of Arabidopsis thaliana
inflorescence stems was suppressed while dry weight of the inflorescence stems
increased in hypergravity.79,80

Mechanical properties of the cell wall like elasticity moduli and viscosity coef-
ficients were higher in space-grown roots than the controls suggesting that the
capacity of the cell wall to expand more or less decreases in space.78 Also primary
and secondary cell wall contents 79,80and shoot diameter80 increased in hypergrav-
ity. However, hypergravity reduced cell wall extensibility in Arabidopsis.8o Starch
and total lipid concentrations are found to be dependent on gravity. Starch concen-
tration in cotyledons of soybean seedlings decreased in microgravity and increased
in hypergravity81 while this was reverse for total lipid concentration.81 Polysac-
charide synthesis decreased in microgravity. Lysis of cuticle cellulose microfib-
rilles and matrix polysaccharides led to wall loosening and increased cuticular
transpiration during weightlessness. 52Simulated microgravity enhanced respiration
in oat seedlings.82 Metabolic activity was also enhanced which was observed in
increased root lengths. Cell wall polysaccharides as well as hemicellulosic polysac-
charides decreased in space which might be the cause of the decrease in apparent
cell wall extensibility of rice coleoptiles75 and Arabidopsis hypocotyls76 in. space.
Development of metaxylem is promoted by hypergravity.80 Hypergravity causes
growth inhibition possibly by thickening cell walls79 while microgravity does the
reverse. 75, 76

2.3.2. Photosynthesis

Foliar amount of carotenoids, and chlorophyll a and b, were substantially reduced
in tomato plants under simulated microgravity conditions.83 Size, composition and
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function of the photosynthetic apparatus were found to be affected on the clinos-
tat in Arabidopsis thaliana plants. Chlorophyll content decreased while carotenoid
content increased under clinorotation. Photosynthetic activity also decreased in
simulated microgravity.57 Chlorophyll a/b ratio increased in Brassica rapa during
spaceflight. Photo-inhibition of PSI is induced by microgravity without any photo-
damage ofPSII.54 C02 saturation, C02 compensation point, photosynthetic photon
flux compensation point and quantum yield of canopy net photosynthesis rate in
wheat were not negatively affected by microgravity during first 24 days of canopy
development suggesting that microgravity, as such, is not a significant environmen-
tal stress affecting canopy photosynthesis.84 Short-term microgravity increases leaf
temperature and decreases net photosynthetic rate in barley leaves.85 Chlorophyll
a content increased significantly in Arabidopsis during clinorotation while no such
change was observed for pea. Biosynthesis of chlorophyll b was inhibited in clinoro-
tated pea plants while no change was observed for Arabidopsis.53 Leaf senescence
in oats is promoted by clinorotation as well as centrifugation.86

2.4. Invertebrates

Sea urchin sperms are sensitive to small changes in gravitational forces. More impor-
tantly this sensitivity has an effect on the ability of the sperms to fertilize eggs.28
Hypergravity decreased the hatching rate of eggs of C. elegans. Oocyte meiotic divi-
sion for exclusion of polar bodies shortly after fertilization is the most susceptible
aspect to hypergravity. In contrast, the oocyte maturation just before fertilization
and the embryogenesis that proceeds after the meiotic division were unaffected by
hypergravity.29 Genes involved in the responses of C. elegans to increased gravity
have been identified.87 Patch-clamp experiments in microgravity on leech neurons
by Klauss and Hanke show that the whole membrane is a gravity sensor and not
just the ion-channel protein.88

Experiments on Drosophila melanogaster carried out in space and on ground
indicate that behavioral responses that may be important in setting life-spans of
organisms, for example, may still be readily susceptible to manipulation by external
cues.7 Drosophila melanogaster adults exposed to microgravity markedly increase
their motility. This change in behavior might be a cause of faster aging on the
ground after their recovery from space.89 Short-lived strains show high levels of
motility from the very beginning of their lives while long-lived ones show reduced
motility during initial part of their life spans reaching higher levels similar to short-
lived ones in their later stages of their lives.90

Drosophila melanogaster is able to sense the gravity vector showing a clear
negative geotactic response.89 The altered behavioral response to microgravity may
have something to do with this gravitactic response as very young flies, i.e. the
ones immediately hatched out from the pupal case, show higher responses both
behavioral and of accelerated aging. Male flies were found to be more active than
females during hypergeotaxis.91 Exposing Drosophila to 2.5-7 g for short periods
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increased the longevity of the male fli~s but not the female flies.92Young flies are
affected longer by changing gravitational field than mature flies. Activity level of
the flies was stimulated more by microgravity than by hypergravity while there
was almost no difference in continuous velocity in both microgravity as well as
hypergravity.93 Studies on beetles in microgravity suggest that the circadian rhythm
is sensitive to gravity.94 Circadian phase in mammals in flight is less stable, probably
due to a displacement of the range of entrainment, resulting from internal period
change which was later confirmed on insects.95

2.5. Vertebrates

2.5.1. Lower vertebrates

Fish have proven the most suited vertebrates for research into gravitational
effects.96,97 Fish use visual and vestibular cues for postural equilibrium mainte-
nance and orientation as other vertebrates and invertebrates. They often show
abnormal swimming behavior like downward or upward pitching, inward looping,
spinning movements, etc. especially during the transition from normal to micro-
gravity. This is similar to the space adaptation syndrome seen in humans. Larval
cichlid fish that were allowed to complete their development in hypergravity were
not affected in their morphogenetic development and also in the onset and perfor-
mance of their swimming behavior. However, as soon as the centrifuge was stopped,
many of the young fish revealed looping responses and spinning movements as
observed after the transfer from 1g to microgravity conditions in fish grown at 1g
which normally disappears.97 Fertilized eggs sent into space showed that embryos
can develop normally in weightlessness and that locomotion in weightlessness is
strongly disturbed.98,99 Studies on zebrafish show that there probably exists a crit-
ical period for functional maturation of the vestibular system.lOOFemale frogs were
sent into space and induced to shed eggs that were artificially inseminated. The eggs
did not rotate and yet, surprisingly, the tadpoles emerged and appeared normal.
After return to earth within 2-3 days of hatching, the tadpoles metamorphosed
and matured into normal frogs. However, tadpoles raised in microgravity tended
to remain underwater and also had smaller lungs than normal. The optomotor
responses were stronger for tadpoles raised in microgravity while the tadpoles raised
in hypergravity showed weaker optomotor responses.lOl No appreciable changes
were observed in bone and cartilage of chickens developed in microgravity.102 How-
ever, it should be noted that these chicken embryos were exposed to microgravity
only partially during their development.

2.5.2. Mammals

Head-up tilt increased arterial blood pressure while stroke volume and cardiac out-
put decreased significantly in dogS.103Twenty-one days of head-down tilt increased
femoral and mesenteric venous compliance and decreased jugular venous compliance
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in rabbits. However, a daily four hour head-up tilt helped in preventing the changes
of venous compliances in different anatomical regions of the rabbit due to simulated
weightlessness.104 Head-down tail suspension elevates cerebral vascular resistance
in rats.105 Exposure to microgravity elicited by parabolic flights induces decrease of
abdominal aortic pressure (AAP) in anesthetized rats.I06 Exposing rats to 2 g for
two weeks impaired their spatial learning ability suggesting that a constant grav-
ity is needed for spatial learning.107 Electrophysiological studies suggest that the
hypothalamus might be the most sensitive region of the rat limbic system.108 Mam-
mary metabolic activity in pregnant rats increased in microgravity109 but decreased
in hypergravityllO showing an exponential increase with g load and a continuum
from micro- to hypergravity environments.110 Exposing rats to hypergravity from
embryonic stage till the age of 14 weeks increased the cell size without affecting
the mechanosensory transduction in the vestibular system. 111 This suggests that
possibly a gravity-dependent mechanism is present during a particular development
stage.Ill Orientation of the head with respect to gravity plays an important role in
orienting and tuning the vertical angular vestibulo-ocular reflex gain in monkeys.112
Renal blood flow and terminal aorta blood flow reduced significantly even more than
the cardiac output. Marked effect of microgravity on cardiac rhythm responses to
otolith stimulation were observed in rhesus monkeys.1l3

2.6. Humans

An important physiological phenomenon occurring in microgravity is the shift in
body fluids towards the cardiopulmonary compartment. More than half of the astro-
nauts experience space sickness (in fact, a form of motion sickness), the signs and
symptoms of which are stomach discomfort, nausea, pallor, cold sweating and vom-
iting. Lack of gravitational loading affects multiple physiological systems, especially
fluid flow, balance, and support structures that are particularly vulnerable to change
or injury during re-entry and renewed exposure to gravitational forces. Exposure to
microgravity, besides affecting the neurovestibular and respiratory systems, greatly
alters the dynamics of the circulation and leads to bone demineralization and muscle
atrophy. When taken together, circulatory deconditioning and muscle atrophy lead
to a reduced exercise capacity and intolerance. Orthostatic intolerance after space-
flight can be attributed to decreases of cardiac filling pressure and stroke volume
during orthostatic stress due to decreased blood volume. It is generally believed
that the above modifications are completely reversible upon re-entry to normal 1g
conditions even if it is still a matter of debate whether this is really the case after

very long space flights.

2.6.1. Cardiovascular system

Spaceflight causes a fluid shift from the legs toward the head, producing a puffy face
and bird-like legs. The fluid shift increases the amount of blood in the chest region,
causing the heart and fluid-volume sensors in the neck to detect an increase in



312 S. Bhaskamn, S. S. Jagtap & P. B. Vidyasagar

fluid volume. The increased chest fluid initially increases heart size (Le. amount of
blood), but regulatory mechanisms quickly kick in and return the fluid to an appro-
priate, lower level. The loss of fluid results in a reduced plasma or blood volume. To
keep blood thin, the decrease in plasma volume triggers a destruction of newly syn-
thesized, immature, red blood cells, probably by a mechanism of programmed cell
death or apoptosis.114 The shift of fluids to the upper body and the distended facial
veins noted in astronauts suggest that central venous pressure should increase. Sur-
prisingly, it decreases, suggesting that striking changes may exist in the mechanical
characteristics of both central and peripheral circulatory systems in space.115These
changes are appropriate for the spaceflight environment. However, upon return to
earth, many crew members have difficulty standing, usually due to the rush of blood
to the feet that can cause fainting. This re-adaptation to earth's gravitational force
following spaceflight could pose a problem if crews are expected to stand and func-
tion normally immediately after landing on any planetary body.

The gain of the aortic-cardiac baroreflex was increased during head-down tilt116
while plasma volume was reduced.117 Color processing and opponent mechanisms
for blue vs. yellow are affected by head-down rest for 24 hourS.118Blood flow in the
brachial and femoral arteries decreased during both lower body negative pressure
and head-up tilt. The decrease for the former was found to be lesser while it was
the reverse for the latter.119 Cardiac atrophy was found to occur under micrograv-
ity conditions.12o Cardiac volume increases in microgravity while central venous
pressure (CVP) decreases. This is the result of an increase in cardiac tninsmu-
ral pressure in microgravity equaling CVP-intrathoracic pressure.121 Mean arterial
pressure (MAP) decreases during short-term weightlessness to below that of I-G
supine simultaneously with an increase in left arterial diameter (LAD). Disten-
sion of the heart and associated central vessels during microgravity might induce
hypotensive effects through peripheral vasodilatation.122 Studies using parabolic
flights have shown a decrease in the heart rate and arterial pressure.123 Central
venous and esophageal pressures decreased during parabolic flights.124 HR and
HRV decreased during spaceflight.125 This might probably due to lack of postural
baroreflex stimulation. 125

2.6.2. Neurovestibular system

On earth, using gravity measured by the otoliths as an external reference is an
optimal strategy to determine self-orientation with respect to the environment. 126
However, in microgravity, this strategy fails since the external reference is no longer
available, but is apparently still assumed to exist by the central nervous system.
Hence the information about changes of self-orientation detected by the vestibu-
lar system can cause a sensory conflict. Such conflicting information about the
change of direction of gravity either given by otolith input or due to the internal
processing, and from the canals about the change of self-orientation, can lead to spa-
tial disorientation and illusions about actual body position and perceived motion.
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The brain uses an internal model of gravity to supplement sensory information. 127
In space, the eyes send signals that confuse the brain because the visual references
that we rely on for stability are missing. These mismatched sensory inputs may be
one cause of Space Adaptation Syndrome (SAS), an adaptive process that often
involves nausea and can lead to vomiting. Another possible cause of SAS is sen-
sor adaptation to a novel gravitational environment to increase the gain of sensory
cells,.possibly by increasing the number of synapses. 128Astronauts also often expe-
rience different types of spatial orientation illusions though performance on spatial
tasks improves over time indicating that adaptation to microgravity does occur.129
The visual system possibly relies on the otolith and somatosensory information
for three-dimensional perception.130 Reflexes, associated with posture and balance,
are slowed even on short-duration missions.5 With long-duration flights, changes in
reflexes, visual perception, and eye/hand coordination may become major issues for
re-entry and re-adaptation to earth. Moderate horizontal sinusoidal linear accelera-
tion applied in sitting human subjects can induce different muscle sympathetic nerve
activity responses than those induced by caloric vestibular stimulation supporting
the idea that otolith organs contribute to sympathetic regulation in humans.131
A decrease in the performance of higher cognitive functions was observed during
spaceflight.132 Under 2.5 Gz acceleration, coherences between both cerebral hemi-
spheres tend to increase implying an improvement in functional coordination of
both hemispheres and an enhancement in activation level.133

2.6.3. Other physiological systems

The musculoskeletal system is highly responsive to load. Without gravitational load,
muscles and bones associated with posture and weight-bearing become weaker.
With the fluid shifts and decreased bone loading, calcium is lost from bone and
calcium excretion increases. The higher calcium load presented to the kidneys is
of concern for potential kidney stone formation. During spaceflight, the amount of
mineral in some bones, including the head, may increase to offset losses from other
sites. Bone and muscle are lost only in the legs, back, and neck indicating that
the musculoskeletal changes are site-specific, i.e. loss does not occur throughout
the entire body. Bone loss primarily occurs at sites in weight-bearing bones where
muscles (that are also losing mass) attach to that bone. The muscles that help
maintain posture are most severely affected and change phenotype. Muscle sympa-
thetic nerve activity (MSXA) was found to be suppressed by microgravity while it
was enhanced by hypergravity during parabolic flight.134

Head-down tilt decreased thermoregulatory responses to heat stress.135 The
sympathoadrenal system is not impaired by exposure to microgravity.136 Micro-
gravity is found to greatly reduce sleep-related apnea and hypopnea and snoring
in healthy individuals suggesting that gravity plays a dominant role in the increase
in upper airway resistance and obstruction which occurs after the transition to

the supine posture and during all stages of sleep.137 Astronauts show low thyroid
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hormone levels after spaceflight possible due to increase of apoptosis in thyrocytes
because of microgravity.138

3. Conclusion

By altering gravity, we are able to investigate those biological systems that were
developed to detect or oppose this unique force. Decreasing gravity on earth for
more than several seconds is impossible with existing technology. Until Sputnik
was launched in October 1957, we had little opportunity to study how lowering
this physical force influenced life. By decreasing gravity through spaceflight, we are
beginning to understand that not only gravity, but also the physical changes that
occur in the absence of gravity, may have profound effects on evolution of species
and their ecologies.5 By going into space, we can gain a better understanding of
how gravity shaped life on the earth.

The questions which need to be addressed in future include the systematic long
term studies in space and under simulated conditions in the laboratories. Studies
on rice have shown that plants can possibly "remember" the gravitational stimuli
when exposed to hypergravity for short periods.139 Studies need to be carried out
to understand this newly reported phenomenon. Similarly a study related to Sheer-
sasana, a Yogic posture, indicates that it can help astronauts to adapt easily to
the pooling of blood in the head as in early days of spaceflight.14o With manned
missions to the moon and Mars being scheduled and possible stay for longer peri-
ods, it is also necessary to study the effects of hypogravity on biological systems in
addition to microgravity.
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