20 Gravitational Zoology:
How Animals Use and Cope with Gravity

Raf H. Anken and Hinrich Rahmann

Since the dawn of life on Earth some four billions of years ago, gravity has been a
more or less stable environmental factor thus influencing the phylogenetic develop-

ment of all living organisms. On the one side, gravity represents a factor of physical

restriction, which compelled the ancestors of all extant living beings to develop basic
achievements to counter the gravitational force (e.g., elements of statics like any kind
of skeleton - from actin to bone - to overcome gravity enforced size limits or to keep
form). On the other side, aready early forms of life possibly used gravity as an appro-

priate cue for orientation and postural control, since it is continuously present and has
afixed direction.

Due to such a thorough adaptation to the Earthly gravity vector, both orientation
behavior as well as the ontogenetic development of animals is impaired, when they
have to experience altered gravity (Dg; i.e. hyper- or microgravity). Nevertheless, ani-
mals still can cope with Dg in a certain range based on their physiologica plagticity,
which varies among the different animal phyla.

20.1 Gravity asa Factor of Physical Restriction: A Brief
History of Evolutionary Challenges To Surmount It

As a matter of fact, the non-linear self-organizing dynamics of biologica systems are
inherent in any physica theory that satisfies the requirements of both quantum ne-
chanics and general relativity [1]. Gravity therefore has always been a challenge for
biological systems to adapt or/and to cope with it. Concerning single cells, the earliest
life forms, it has been stated that average cell size results, in part, from the physical
equilibrium between the destructive influence of the force of gravity and the protective
role of diffusion and the cytoskeleton [2]. At increased forces of gravity the cell size
would thus be decreased, whereas at lower gravitational forces and weightlessness cell
size would be expected to increase. Mechanisms of protection of giant cells against
internal sedimentation are based on protoplasmic mation, thin and elongated shape of
the cell body, increased cytoplasmic viscosity, and a reduced range of specific gravity
of cell components, relative to the ground-plasma. The nucleolus, due to its higher
density, is considered as a possible trigger of mitosis. Although gravity limits the size
even of single cdlls, itsimpact became especially apparent with the evolution of multi-
cellular animals. There is not much known about the first multicellular animals inhab-
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iting our planet in the late Precambrium (earlier than 570 millions of years ago) prior
to the so-called “ Cambrian explosion”, which showed an extremely rapid evolutionary
radiation with the development of ailmost al nowadays phyla of invertebrate animals.
With only afew exceptions, the Precambrian animals (e.g., the forms of the Ediacara-
fauna, named after the Ediacara Hills north of Adelaide, Austraia) did not have any
sort of inner or outer skeleton. All of them were small and many species had a worm-
or jellyfish-like appearance (Fig. 20.1). In most cases, their relationships to the nowa
days present invertebrate groupsis unclear.

Obvioudly, elaborate anti-gravity systems had not yet been fully evolved, which
would have allowed these animals to grow larger, to develop a directed locomotion
and even to cope with the terrestrial impact of gravity at the stage of their exit from
water to land (Fig. 20.2). Development of a directed locomotion might have been one
of the most important evolutionary inventions. When heterotrophic animal life de-
creased the nutrients (e.g., autotrophic plants) in the oceans, animals were forced to
cope with this evolutionary pressure; directed locomotion was therefore developed to
predate other animals or, vice versa, to escape from predators. For exercising directed
locomotion especially gravity was - besides other environmental factors such as radia
tion (especialy light), atmospheric conditions/composition, sound and electromagnetic
as well as mechanical impacts - one of the most important morphogenetic factors of
anima evolution which pushed the gene to elaborate adequate mechanisms for sur-
mounting it [3]. Directed locomotion generally requires any sort of skeleton to allow
the insertion of muscles; such a skeleton then could (pre-adaptively) act as a prerequi-
site for animalsto turn from their aguatic habitat to aterrestria life some 440 millions
of years ago, then following the green plants as a further source for their heterotrophic
lifestyle (the first terrestrial animals were early ancestors of our nowadays spiders,
belonging to the arthropods).

The first vertebrate animals which were able to cope with the terrestrial impact of
Earth’s gravity were early ancestors of fish some 350-400 millions of years ago. Con-
cerning modern bluefish, it has been found that these animals can accelerate at 3 " g

Fig. 20.1 This Ediacara-foss| may possibly Fig. 20.2 Jdlyfish certainly cannot cope with
represent an early jelyfish. the terrestria impact of gravity.
during swimming and that the vertebral column is strong enough to withstand this
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force [4]. Thisfinding strongly indicates that the muscles and body structure of a blue-
fish would be able to withstand the force of gravity if the fish were otherwise equipped
for terrestria life (hypergravity experiments revealed in this context that devel opment
of larva fish is not impaired by 3 g; see 20.3.2.2). One can therefore speculate that
early fish may also have evolved some degree of strength to overcome gravity-based
inertia and drag during aquatic locomotion, and this evolution may have been a prelude
to vertebrate terrestrial locomotion.

Terrestrial locomotion, of course, requires further special adaptations due to an
anima’s particular lifestyle. Gravitational force influences musculoskeletal systems,
fluid distribution, and hydrodynamics of the circulation, especially in larger terrestrial
vertebrates. The disturbance of hydrodynamics and distribution of body fluids relates
largely to the effects of hydrostatic pressure gradients acting in vertical blood columns.
These, in turn, are linked to the evolution of adaptive countermeasures involving
modifications of structure and function. Comparative studies of, e.g., snakes [5] sug-
gest that there are four generalizations concerning adaptive countermeasures to gravity
stress that seem relevant not only to lower vertebrates: first, increasing levels of regu-
lated arterial blood pressure are expected to evolve with some relation to gravitational
stresses incurred by the effects of height and posture on vertical blood columns above
the heart; second, aspects of gross anatomical organization are expected to evolve in
relation to gravitational influence incurred by habitat and behavior; third, natural s
lection coupled to gravitational stresses has favored morphological features that re-
duce the compliance of perivascular tissues and provide an anatomical "antigravity
suit”; fourth, natural selection has produced gradients or regiona differences of vas-
cular characteristicsin tall or elongated vertebrates that are active in high gravity stress
environments.

These generdizations can explain, why the position of the heart in relation to the
head and the tail in different types of snakes vary: an aguatic snake will not be that
affected by gravity. Consequently, the heart can be positioned relatively far away from
the head and thus the brain. The heart of a terrestrial snake is positioned closer to the
head. This is especialy obvious in snakes living on trees, where the heart is situated
almost directly behind the head in order to alow blood supply to the brain even during
climbing upwards, i.e. in a direction opposite to the gravity vector [6]. Similar prob-
lems arise concerning extremely large or high-growing animals [7, 8]. The distance
from the heart to the brain in the giraffe is ca. 2.8 m, whereas it reaches some 7.9 min
some herbivorous dinosaurs (human: 0.3 m), requiring an enormous blood-pressure to
make the blood reach the brain, especially when the head eventually is being raised.

Bipedal walking was another challenge to cope with the force of gravity. There is
not yet complete agreement, what the evolutionary pressure for bipeda walking actu-
aly had been, since bipedal walking is rather costly in terms of energetics. the short,
flexed hindlimbs of chimpanzees younger than 5 years are not able to lift the body
center of gravity high enough, so that these infants have a considerable energy output
during bipedal walking [9]. Extension of the hindlimb is one of the bases for energy
economy in human bipedalism (athough lifting the legs in humans still consumes
some 90% of the energy needed for locomation [6]) and thus an important component
of the evolution of human bipedalism.

An even higher ability to surmount gravity was necessary to come into being when
animals made their way into the air. For certain, the potential diversity for evolutionin
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large species (irrespective of them being invertebrates or vertebrates) is less than for
medium-sized or small ones, and dwindles to zero above a body mass of about 14 kg
[10]. The “World's largest flying bird”, the Miocene (8-15 Ma ago) fossil Argentavis
would require improbably high values for stress and strain in level flight, unlessthe air
density were much higher in the Miocene times than at present, and/or the strength of
gravity were much less. Argentavis therefore will not have been able to actively fly by
flapping its wings, but will have mostly soared as do present-day condors.

Summarized, it was most probably the evolutionary pressure to devel op directed lo-
comotion which then, as a sort of prelude, allowed animals to cope with terrestrial
gravity. Active, directed locomotion, and especialy active maintenance of equilibrium
during bodily movement (e.g., in locomotion) requires, however, appropriate sensory
functions. Although many animals usualy maintain their bodies with the long axis
horizontal (backside up), humans being a notable exception, there are frequent depar-
tures from the usual position. A fish may dive steeply downward and a man may alter
his norma orientation by lying down at full length. In no case, however, need there be
any loss of equilibrium. Every deviation means an equilibrium disturbance and evokes
compensatory reflex movements.

Gravity, therefore, did not only act as a factor of physical restriction, but was an en-
vironmental factor readily being available as an appropriate cue for orientation and
postural control.

20.2 Gravity asa Cuefor Orientation and Postural Control

Maintenance of equilibrium is based upon contact of the anima with the external
world; several sensory systems may play arole in this context. When an animal moves
over asolid surface, tactile stimuli usually predominate as cues. It has to be noted that
also proprioceptors (i.e. sense organs allowing the perception of stimuli relating to the
anima’s own position, posture, equilibrium, or internal condition) in vertebrates and
arthropods can a so contribute to spatial orientation; bodily tissues like the club-shaped
sendilla of arthropods (Figs. 20.3, 20.7) under gravity weigh verticaly down and
stimulate internal mechano-receptors in a way that depends on, and varies with, the
animal's spatia position. When they are out of contact with the ground, many animals
orient themselves in space by keeping their back (dorsal) side turned up toward the
light, e.g., in the course of the dorsal light response (DLR) of fish (see 20.3.2.2). Vis-
ual cues also can serve equilibration; for example, through compensatory body move-
ments (optomotor reflexes like the vestibulo-ocular reflex in fish and amphibians [11])
brought about by the shifts of the image of the environment over the retina of the eye.
For the receptors mentioned thus far, however, equilibration is not the unique func-
tion. There are other sensory structures that are genuine organs of equilibrium in that
they primarily and exclusively serve orientation of posture and movement in space:
gravity receptors.

In general, gravity - or any sort of acceleration - can be transformed to a biological
signa in severa different ways (Fig. 20.3): aready synthetic membrane bilayers con-
taining incorporated ion-channels respond to gravity [12, 13]. The exact signd trans-
duction chain remains, however, hitherto unresolved. Unicellular protozoans (e.g.,
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Paramecium) perceive gravity obvioudy by their membrane or have aready developed
minute, intracellular crystals that function as “heavy bodies’ (Loxodes) (compare
20.2.1 aswell as Chap. 18, Braucker et al.).

20.2.1 Graviperception in Unicellular Animals

Already archaic extantly living eukaryotic organisms (particularly phytoflagellates and
ciliates) were shown to be gravitactic (cell orientation) or even gravikinetic (adjudt-
ment of swimming speed) (for review [14]; see also Chap. 18, Braucker et a.). In the
ciliate Paramecium, gravikinesis is obviously regulated by a pressure-gradient between
the membrane and the surrounding aqueous medium. This gradient is only at equli-
bribium when the anima swims horizontaly. Vertical tilts result in the open-
ing/closing of mechano-sensitive ion-channels, which effect alocal de- or hyperpolari-
sation, which in turn selectively activates cilia for propulsion. In contrast to Parame-
cium, another ciliate - Loxodes — seems to perceive gravity via particular intracellular
organdlles, called "Mdiller-bodies', which consist of a membraneous pouch, containing
a"heavy body” or " gtatolith” of BaSO, (Fig. 20.4) [15] (see also Chap. 18, Braucker et
a.).
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Fig. 20.3 Possihilities of graviperception in biologica systems. Already (simulated) biological
membranes can respond to the gravity vector. Plants and most animals use “heavy bodies’
(called stataliths in plants, invertebrates and most vertebrates; the compact statoliths of fish are
caled otoliths), whereas arthropods use body extensions to perceive gravity.



20 Gravitationa Zoology: How Animals Use and Cope With Gravity 319

20.2.2 Graviperception in Multicelular Animals

All multicdlular animals hitherto analyzed, who exhibit active (not necessarily aso
directed) locomotion, use so-caled stato- or otoliths, being localized in differently
specialized organs (e.g., the vestibular organs within the inner ear of vertebrates) or
body extensions (e.g., club-shaped haters and sensilla of insects; i.e. proprioceptors,
see above) for the transformation of an acceleration into a body-own signal.

Specific sensory abilities do not show a clear evolutionary progression, most likely
because the development of any type of sense depends on many other factors in the
total ecology of a given organism. Vision, for instance, is sometimes poor or absent in
a species of a class in which other members have a highly developed visua system:
examples include cave-dwelling species, who are relatives of sighted emergent species.
Since mechanical stimuli rather than optical ones are effective in al forms of life,
specialized organs aready appear very early in animal evolution. In accomplishment of
the “heavy body”-strategy of the unicellular protozoans, some fungi, some lower but
most of the higher plants, admost al invertebrate animals and virtualy all vertebrates
use different types of heavy bodies to orient themselves towards the direction of earth
gravity.

Depending on the function-morphologic characteristics of the body, the respective
sense organs (sensilla, inner ear maculae etc.) have been positioned in different ways
during the phylogenetic development (Figs. 20.5-20.7). Gravity receptors aready go-
pear in jellyfish. Ctenophoran jellyfish (the so-called Comb Jellies), e.g., are biradial-
symmetric (two axes of symmetry) and possess one statocyst at the top of the body
(Fig. 20.5). The calcareous statolith is supported by four, long, spring-like tufts of cilia
called balancers. The whole structure is enclosed in a transparent dome that is appar-
ently derived from fused cilia. From each balancer arises a pair of ciliated furrows,
each of which connects with one of the so-called comb rows. Thus, each balancer in-
nervates the two comb rows of its particular quadrant. Tilting the animal causes the
statolith to press more heavily on one of the balancers, and the resulting stimulus elic-
its avigorous beating of the appropriate comb rows to right the body.

Radial-symmetric cnidarian jellyfish with multiple axes of symmetry have many
statocysts located around the mantle (Fig. 20.6). In contrast to the circumstances as
observed in Comb Jellies, the statoliths in cnidarians have connections to epidermal
neurons which transmit the sensory information to a nerve ring, which connects to
muscles stimulating rhythmic pulsations of the bell and thus locomotion and postural
control.

A bilateral-symmetric organization (one axis of symmetry) is found in most of the
other animals. In the more advanced members of the phyla Mollusca and Arthropoda,
greatly developed sense organs occur; whereas arthropods use mostly proprioceptors
(Figs. 20.3, 20.7), the gravity-sensing organ of, e.g., many snails such as Aplysia con-
sists of bilaterally paired statocysts. They are composed of supporting cells and recep-
tor cells, forming a sac which contains calcium carbonate inclusions (called statoco-
nia). The receptor cells are hair cell-like neurons (an analogue to the hair cellsin the
inner ear of vertebrates) whose cilia are motile and mechanosensory [16]. In the stato-
cyst, the continuos beating of the mechanosensory cilia keeps the statoconiain constant
motion. Gravity pulls the statoconia down, obstructing the beating of the cilia on
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Fig. 20.4 Theciliate Loxodes, who possibly perceives gravity viaintracdlular statoliths.
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Fig. 20.5 Comb Jellies (ctenophorans) revea two axes of symmetry, exhibiting one statocyst
on the top of their body which directly regulates the beating of the comb row cilia
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Fig. 20.6 Jdlyfish (medusae of cnidarians) are organized radia-symmetricdly (many axes of
symmetry), exhibiting numerous statocysts (i.e. rhopdia). The sensory cells are hair cell-like
neurons transmitting the gravity information to a nerve ring, which in its turn contacts to mus-

cles.
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Fig. 20.7 Bilateraly organized animals (one axis of symmetry) usualy exhibit gravireceptors on
both sides of the body such as proprioreceptors (e.g., club-shaped sensilla in arthropods) or
macula organs (vertebrates). An otolith asymmetry in the inner ear of vertebrates is believed to
be the basic cause of motion sickness (e.g., sea-sickness, space sickness; see 20.3.2.2).

the bottom of the statocyst, which causes an increase in membrane conductance to Na®
and the formation of an action potential [17]. The gravity receptors of some other
mollusks show an amazingly close resemblance to vertebrate organs, e.g., the semicir-
cular canalsfor equilibrium in Octopus.

In both inner ears of vertebrates (Figs. 20.7, 20.8), three semicircular canals (or cu-
pular organs), located perpendicularly to each other for the detection of angular accel-
eration, are completed by three pouches containing either three oto-/statolith organsin
lower vertebrates (utricle, saccule and lagena for the perception of linear accelera
tion/gravity aswell asfor sound) or two statolith organs and alagena/ cochlea without
a stato-/otolith for sound perception in higher vertebrate animals. Sound or the move-
ment of a statolith results in the bending of hair cell-cilia, which mechanically opens or
closes ion channels [18] atering the electrical current of the respective sensory cell in
the inner ear. Here, the transformation to computable action potentials takes place.
Finally, a signal transduction on the level of the brain causes a motor response (Fig.
20.9). Generally, the brain integrates informations from the inner ear vestibular organs
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together with tactile, proprioceptive and visual cues for spatial orientation and postural
control in the environment [19] (comp. Fig. 20.10).

Not only in vertebrates but in al animals exhibiting a central nervous system, there
is dways a close relationship between the presence of highly developed sense organs
and a specialized region of the brain, since the latter is needed to process the incoming
information in order to abstract the cues of importance to a given animal, which lastly
results in behavior (comp. Fig. 20.9). An example in vertebrates is their cerebellum,
which is responsible for the regulation of postural control; it is especialy large and
efficient in such animals who need to orient themselvesin al three directions of space,
like birds. (The fact that such elaborate systems exist does not exclude the possibility
of much shorter and simpler pathways, which provide for more localized and quicker
reactions; for instance, gravireceptor-mediation of postural control in Comb Jellies
seems not even to require neurons.)

Summarized, animals did not only acquire systems to cope with gravity during
evolution (comp. 20.1), but they also evolved receptors (and respective brain parts) in
order to use gravity as the only virtually constant environmental factor for orientation,
maintenance of equilibrium and postural control. On the one hand, gravitationa envi-
ronments which are not experienced by animals, disturb the neuronal processing of
incoming information. This is especially the case, when at altered gravitational sensa
tions (such as hypergravity or microgravity/weightlessness) the statolithic or otolithic
organs transmit information to the brain, which do not necessarily match with others,
e.g., the visual cues needed for a correct postural control. Thus “normal” behavior is
inevitably affected. In human subjects, such an “intersensory conflict” can result in
orientation problems, often accompanied by motion sickness and vomiting (kinetosis).
On the other hand, atered gravity may have a strong influence on some aspects of
development, since all systems (from sub-cellular organelles to complete organs)
should be fully adapted to normal earth gravity.

Sensory hair cell

Vestibular nerve

Fig. 20.8 Macula of a bony fish. Note the compact otolith. Amphibians, reptiles, birds and
mammals reveal so-called statoliths, which are composed of hundreds of thousands of minute
calcium carbonate cristals. A didocation of the oto- or statolith causes shearing forces on the
ciliary bundles of the sensory hair cells. These shearing forces ater the celular ion current,
which results in an increase or decrease (depending on the direction of the shearing) of the spike
rate being transmitted to the brain by nerve fibers.
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Fig. 20.9 The signa-response-chain for graviperception in vertebrate animals (fish). The basic
stept of this response-chain (i.e. graviperception followed by a gravity signal transduction and
computation, resulting in a motor response/behavior) are found in al animals who exhibit a
central nervous system.

In order to understand the role of gravity on the (ontogenetic) development of ani-

mals as well as on their behavior, experiments at altered gravity (Dg) yielded valuable
cluesand insights.

20.3 Behavior and Differentiation of Animals at
Altered Gravity

Whilst studies investigating the influence of Dg (hypergravity - hg - in centrifuges and
microgravity - ug - during drop tower, parabolic aircraft flight, sounding rocket and
spaceflight experiments) on unicellular systems (protozoa, cell cultures) and on plants
are focused mainly on basic gravireceptive mechanisms on subcellular and cellular
level (see Chaps. 18, Bréucker et al., and 19, Schnabl), the aim of a large number of
experiments using animals, particularly vertebrates, is concerned with the analysis of
the physiology of cardiovascular, respiratory, intestinal, endocrine, immune and mus-
cular systems as well as with the calcification of the skeleton (for review, see[20]) in
order either to elucidate aspects of the role of gravity during evolution or/and to un-
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derstand the effects of weightlessness concerning medical problems of human space
exploration.

The so-called microgravity syndrome [21], a prognosticated complex arising in re-
duced gravity environments such as the surfaces of the Moon and Mars and principally
encompassing muscle atrophy, cardiovascular deconditioning and bone demineraliza-
tion (“space osteoporosis’), stands to replace physics and rocketry as the fundamental
challenge of interplanetary astronautics. Mirroring our past few million years of
changing climate and resources, the mobility of humans between diverse gravitational
environments on the high frontier will critically depend on our ability to adapt.

One major goal of gravitationa zoology therefore is to elucidate the effect of long-
term Dg on the behavior and development of animals as model systems and by this to
clarify particularly the basic mechanisms of perception, transformation and central
computation of a gravitational stimulus within the organism, including the clarifica
tion of the animals' possibilities to adapt and compensate. In this regard, results do-
tained using vertebrate animals — due to the homology of the morphological and
physiological systems — can widely be transferred upon the conditions given in humans
(the present review will, however, not deal with mammals, since respective biomedi-
caly relevant reviews abound).

20.3.1 Invertebrates

The morphogenetic development of various invertebrates in generd is not heavily
impaired by Dg: the shell of fresh-water snails (Biomphalaria), e.g., obvioudy devel-
ops normally at microgravity [22] indicating that the basic mineralization processesin
mollusks are not affected by 16 days microgravity (thisresult is strongly contrasting to
findings concerning human space osteoporosis and bone growth in rats!), which in its
turn leads to the assumption that gravity did not play an important role in this context
during evolution. Concerning squids (Loligo and Octopus), it has been argued that
altering gravitational forces might not necessarily lead to morphogenetic aberrance but
just to gradua deviations from the normal developmental speed of the embryos [23].
Microgravity, on the other hand, was shown to negatively affect the efficacy of fertili-
zation processesin seaurchins[24].

In addition to this, major focus has been attributed to the physiology of the gravity
sense system, to the corresponding neuronal computation and the resulting behavior:
altered gravity influences statolith growth in the marine snail Aplysia, accompanied by
changes in urease activity [25] indicating that the latter might regulate CaCO; deposi-
tion in statoliths. In contrast, Dg seems to have no effect on the development of gravi-
receptors in crickets, in which gravity is internalized by club-shaped sensilla; micro-
gravity, however, mediates the sensilla-induced compensatory head-rolls[26, 27].

In conclusion, the results concerning the investigation of the effect of atered gravity
— particularly on insects — clearly demonstrate the usefulness of these animals since
they are by far less complex than, e.g., vertebrates. Due to their different lifestyles, the
various invertebrate groups reveal a varying resistance/adaptability towards gravity.
However, invertebrates, as a matter of fact, allow a comparison with vertebrate (in-
cluding human) gravity related systems only in the broadest sense.
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20.3.2 Vertebrates

Deeper clues and insights into the basic causes of gravity-stimulated effects in human
beings can only be expected from studies performed using vertebrate animals, since the
peripheral and central vestibular systems as well as the basic mechanisms of develop-
ment are homologous among all animals with backbones and by this with humans.

With regard to this, most studies on the effect of atered gravity particularly on
mammals had been focused on biomedical aspects comprising the physiology of car-
diovascular, respiratory, intestinal, endocrine, immune and muscular systems aswell as
on calcification of the skeleton and related topics on which comprehensive reviews
abound [7, 20, 28, 29]. Results using mammals as test subjects will therefore not be
reviewed here.

Rather, in the following, we will briefly review some mgjor results hitherto do-
tained using amphibians, reptiles and birds. Thereafter, focus will be laid on research
results using fish as vertebrate model systems with regard to the components of their
signal response chain for graviperception.

20.3.2.1 Amphibians, Reptiles, Birds

For over a century, embryologists using amphibians have debated as of whether gravity
is required for normal embryonic development and, in particular, for the establishment
of embryonic polarities such as pattern formation, morphogenesis and organogenesis
(for review, see [30, 31]). Since their normal development at 1 “ g earth gravity is
comparatively well understood, amphibians such as the clawed toad Xenopus and the
sadlamander Pleurodeles are well suited animals to answer the aforementioned ques-
tions. Thefirst fertilization of a vertebrate (Xenopus) in microgravity was successfully
carried out in 1988 [32] showing that fertilization was monospermic as it is on Earth,
and that development proceeded up to gastrulation (= end of the respective sounding
rocket experiment). 1” g earth gravity thus seems not to be required for the early onto-
genetic axis formation [33-35]. In elder developmental stages of amphibians, micro-
gravity, however, normally results in non-inflated lung buds and tracheae, possibly
being the result from the failure of the animals to inflate their lungs in a timely ade-
guate fashion. Furthermore, microgravity induced some kind of malformed (typically)
lordotic tails [31] with consequences for behavior (e.g., optomotoric responses [33])
and retarded larval growth. The effect on optomotor response suggests that tadpoles
raised at microgravity may receive less vestibular information to control their position
[11, 30].

Summarized, experiments both with salamanders and frogs indicate that amphibian
egg maturation, fertilization, and embryonic development is not significantly influ-
enced by microgravity, but larval growth might be retarded or even abnormal in micro-
gravity. So far, however, no spaceflight mission had been long enough to investigate as
of whether these animals can complete a full life cycle under space conditions. Com-
prehensive clues on the complete developmental life cycle are thus still lacking.

Few research at dtered gravity has hitherto been conducted with reptiles and birds.
There have been reviewed disorientation responses of various vertebrate animals ex-
posed to microgravity produced by parabolic aircraft flights and in space experiments
[36]. Like in mammalian species and frogs, coordinated performance can be easily



326 R. H.Anken and H. Rahmann

compensated by visual function also in turtles. Like in fish (see below), in birds (pi-
geons, Japanese quail), who can move three-dimensionaly in their environments, ex-
posure to parabolic flight microgravity induces irregular tumbling with the eyes open
and regular looping with the eyes closed, although the loop direction is the opposite in
these two animals. A centrifuge experiment — conducted on Japanese quail — showed
that hatchability is negatively affected by hyper-g [37]. Further, it has been reported
based on a spaceflight experiment that the difference in specific gravity between the
yolk and the albumen appeared to play acritical rolein early chick embryogenesis[38].
In elder embryos, al the tissues, including cartilage and bone, however, were formed
normally. Microgravity aso seemsto have no effect on normal eye development [39].

20.3.22 Fish

Fish have been proved to be the most suited vertebrate animals for basic gravity-
research [40]: they can be characterized by an absence of body weight related proprio-
perception (in comparison with surface-bound terrestrial vertebrates), a reduced influ-
ence of gravity on supporting tissue, muscles, vascular tonus system etc., a relative
higher sensitivity for gravity due to larger otoliths etc., a high reproduction rate (com-
bined with higher genetic homogeneity of individuals), and mostly an external devel-
opment, thus enabling better access to defined developmental stages. Moreover, there
is rich information about genetics and developmental mutations available (Zebrafish
Danio, Medaka Oryzias, Swordtail Fish Xiphophorus), the developmental pattern of
large numbers of genes are known and there exists an extensive homology to mammals
not only at the molecular level but also concerning the central and peripheral vestibular
system. Last not least, fertilization and development is not significantly impaired by
altered gravity [41].

Basicaly, fish use visual and vestibular cues for postural equilibrium maintenance
and orientation as do all other vertebrates and many invertebrates. Already in 1935, the
so-called DLR (Fig. 20.10) was described [42]: illuminated from the side at normal 1
" g earth gravity, a fish tilts its back towards the light source. In general, the DLR ex-
presses a balance between the tilting force induced by visual information and the so-
caled vestibular righting response (VRR) [43] induced by gravitationa information.
Interestingly, the performance of the DLR depends on the visual performance (visua
acuity) of an individual, suggesting that there are more "vestibular" and more "visual"
individuals [44].

During microgravity, fish are often seen performing an abnormal swimming behav-
ior, such as down- or upward pitching, inward loopings, spinning movements etc.,
especialy following the transition from 1 * g to microgravity [36, 45, 46]. This be-
havior has most likely the same source like motion sickness (a kinetosis) in humans.
Subseguent experiments at microgravity using fish provided clues and insights into the
understanding of the neurobiological basis of vertebrate gravity sensation and kineto-
sis.
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Fig. 20.10 The dorsd light response of fish. Illuminated from the side (light from above is the
normal case, @) at normal 1~ g earth gravity (b), afish tiltsits back towards the light source. The
angle of the tilt increases when the light intensity is being raised. Increasing the force of gravity
in a centrifuge at constant illumination decreases the tilt angle. After bilateral labyrinthectomy or
under microgravity conditions, the tilt is consequently guided by light alone (c). It is a generd
feature of animals that the brain integrates informations from the inner ear vestibular organs
together with further sensory cues for spatial equilibrium.

If, for instance, the sensitivity of the otolith system of humans in space is increased
as compared to the ground, any brisk trandation of the head would be interpreted erro-
neously. Such illusionary tiltsin turn would conflict with visual and other information
and possibly generate motion sickness [47]. Especialy the spinning movements, which
are induced by microgravity in some individual fish are assumed to indicate a possible
source of illusionary tilts: individually asymmetric vestibular maculae (e.g., based on
side to side differences in the weight of otoliths) might, at rest and under 1 * g earth
gravity, possibly cause asymmetric shearing forces on the sensory epithelia. A normal
posture then would require neurovestibular compensation for the asymmetric dis-
charge rates. At microgravity, however, there would be no weight differences in the
otoliths from one side of the body to the other, and the (primary) discharge rates should
no longer be asymmetrical. A continuing, but now unnecessary compensation, how-
ever, would then cause erroneoudy (secondary) asymmetric discharge rates.

It is the particular strength of this " asymmetry-hypothesis’ [48] based on [49], that
it could explain the great interindividua differences in kinetotic behavior of fish or
even in motion sickness susceptibility of humans.

Several findings speak in favor of the asymmetry-hypothesis (Fig. 20.11): indeed,
asymmetrically weighed otoliths are a common feature in fish (for review [43, 50]).
Larva cichlid fish, who were hatched at 3 * g hypergravity, morphogenetically devel-
oped normally and showed a norma swimming behavior. However, as soon as the
hyper-g-centrifuge was stopped, many individuals revedled looping responses and
spinning movements, as had also been frequently observed in the course of spaceflight-
and parabolic aircraft flight-experiments after the transfer from 1 ~ g earth gravity to
microgravity conditions [45, 46, 51, 52]. This kinetotic behavior normally disappears
within severa hours or days like the so-called space adaptation syndrome of humans
[19, 51, 52]. As predicted by the asymmetry-hypothesis, kinetotically behaving individ-
ual fish larvae after hyper-g and a microgravity in the course of para
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Fig. 20.11 Otolith asymmetry (weight differences between left and right otoliths) in Swordtail
Fish, which were maintained in a normal aguarium. According to the “asymmetry hypothesis’, ¢
moderate range of asymmetry can be compensated for by the brain (compensation). Asymme-
tries on alevel beyond the respective compensation capabilities (critical), however, might induce
kinetotic behavior at atered gravity.

bolic aircraft flightsindeed revealed alarger otolith asymmetry than normally behaving
ones[48, 52].

Recently, evidence has been provided for the existence of a feedback mechanism
adjusting size, asymmetry and Ca-content of fish inner ear otoliths towards atered
gravity [48, 53]: both in the hypergravity- (hg-) animals and in the 1 “ g contrals, the
morphogenetic development was identical. Evaluating the otoliths” growth during hg
in comparison to the 1 “ g controls, however, it was found that the growth both of
utricular and saccular stones (lapilli and sagittae, respectively) was dowed down by hg
and that the development of bilateral asymmetry was considerably decreased.

This can be explained from a functional point of view as follows: under increased
gravity, given otoliths will be heavier and thus cause increased shearing forces during
tilts. However, any tilts need to be computed by the brain and asymmetric shearing
forces need to be compensated (neuro-vestibular compensation). A feedback mecha
nism thus might slow down otolith growth at hg, so that an otolith formed at hg will
possibly cause about the same shearing forces during tilts as a respective normally
sized otolith at 1 g. Without a feedback mechanism, a given bilatera asymmetry be-
tween two otoliths would be increased at Ig, but for a correct interpretation of the
afferent inputs to the brain for postural control and spatial orientation, any asymmetry
ought not to be too pronounced in order to stay in the range of the compensation.

Therefore, the feedback mechanism mentioned above might reduce a hg-based in-
creased functional asymmetry in order to fulfill the requirements for a sufficient com-
pensation. Moreover, the feedback ought to be activated immediately after the onset of
atered gravity. Indeed, recent investigations showed that otolith growth is obviously
regulated by the brain: Ca-incorporation (and thus growth) stops after transection of
the vestibular nerve [54].

Summarized, the basis of a disorientated (kinetotic) behavior in individua fish at a
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sudden reduction of the g-force is relatively well understood concerning the level of
swimming behavior and concerning morphometrical studies on otoliths. The neuronal
mechanisms, however, that possibly underly the adaptation to atered gravity by means
of afeedback mechanism, remain so far poorly understood.

General neurochemical effects due to altered gravity abound (for review [51]). Re-
spective investigations yielded the genera finding that, e.g., enzyme activities are &-
fected by dtered gravity (from approx. 0.01 " g in the fast rotating clinostat to 3" g in
the centrifuge) in a dose dependent manner and that the effects are especialy pro-
nounced in larval fish as compared to adult ones [55]. This latter finding, according to
which larval fish may react gross-biochemically to a larger extent to atered gravita-
tional forces than adult animals may be due to their wider range of neuronal plasticity.
Histochemical and electronmicroscopica investigations focused on single brain cen-
ters showed that special inner ear related nuclel in the brain react specifically towards
altered gravity [56, 57], even on morphologica level (form and number of synaptic
contact zones [58, 59]).

Taken together, the results of these investigations suggest that the excitatory inputs
from the inner ear are resembled in the vestibular system of the brain by its neuronal
activity. Effects of altered gravity on the plasticity of the inner ear sensory epithelium
were by far less pronounced [60].

Taken together, investigations of fish, who had developed at atered gravity, revea a
variety of short lasting, adaptive effects following Dg. The behavioral adaptation to Dg
can be corrdlated with a compensatory otolith growth, based on a (negative) feedback
mechanism between the inner ear and the brain. The neurona control of this feedback
mechanism seems to be effected by stimulation dependent enzyme activities (i.e. neu-
ronal activity) aswell as synaptic plagticity, especialy in vestibular brain centers.

20.4 Conclusion

During evolution of animals, they have managed both to cope with and use the envi-
ronmental gravity vector for orientation. Mechanisms concerning the latter (function of
gravireceptors and the central nervous computation of respective inputs) is compara-
tively well investigated. Y et, however, it is not completely clear, to which extent grav-
ity is necessary for a norma development and in which range adaptive mechanisms are
efficient enough at atered gravity to guarantee anormal lifestyle.

The various data being obtained using especially vertebrates as model systems con-
cerning gravistimulated effects reveal first of al that the normal development seems
not to be significantly influenced by altered gravity. The studies undertaken so far,
however, do not yet answer the question whether a complete life cycle can be com-
pleted for instance under weightlessness. Secondly, the results regarding gravity-
effects, particularly on fish, speak in favor of the following concept of possible inter-
actions: short-term altered gravity (up to around 1 day) can induce transitional aberrant
behavior due to malfunctions of the inner ear, originating from asymmetric otoliths or,
generaly, from amismatch between canal and otalith afferents. The vanishing aberrant
behavior is due to a reweighing of sensory inputs and neurovestibular compensation,
probably on bioelectrical basis. During long-term atered gravity (severa days and
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more), step by step neuroplastic reactivities on molecular basis (i.e. molecular facilita
tion) in the brain and inner ears possibly activate feedback mechanisms between the
CNS and the vestibular organs for the regain of norma behavior. It was shown that
such amechanism isinvolved in adjusting (assimilating) the otolith weightsin fish.

The experimenta data on the effect of atered gravity on developing and adult ani-
mals help understanding the role of gravity during evolution. The consequences for
animd life at altered gravity are well in concordance with a concept about an evolution
of the gravi-resistance and gravi-reactivity of animals of the known Ukrainian space
physiologist N. Sirotonin (1896-1977): Thereisa high toleranceto altered gravity in
arthropods (especially insects), the presence of responses in fish and amphibians
mainly in most early developmental stages and a wide range of the responses in
birds and mammals [61]. The reasons for this varying range of gravity-tolerance have
hitherto not been di sclosed.

Acknowledgements. The present study was kindly supported by a grant from the Ger-
man Aerospace Center (DLR) e.V. (FKZ: 50 WB 9997).

20.5 References

1 M. Conrad, Biosystems 42, 177 (1997).

2 P.Moroz, J. Theor. Biol. 107, 303 (1984).

3 . Vinnikov, Aviakosm. Ekolog. Med. 29, 4 (1995).

4  A.DuBais, G. Cavagna, R. Fox, J. Exp. Zool. 195, 223 (1976).

5  H. Lillywhite, J. Exp. Zoal. 275, 217 (1996).

6 K. Kirsch, H.-C. Gunga, in: H. Rahmann, K. Kirsch (Eds) Mensch-Leben-
Schwerkraft-Kosmos:  Perspektiven  biowissenschaftlicher  Weltraunmforschung in
Deutschland, Glinter Heimbach Verlag, Stuttgart, 2001, pp.210

7  K.Kirsch, in: P. Sahm, M. Keller, B. Schiewe (Eds.) Research in Space: The German

Foacelab Missions, Wissenschaftliche Projektfiihrung D-2, Aachen, 1993, pp. 187.

H.-C. Gunga, K. Kirsch, F. Baartz, L. Récker, Naturwissenschaften 82, 190 (1995).

9 T.Kimurg FoliaPrimatal. (Basel) 66, 126 (1996).

10 C. Pennycuick, J. Biomech. 29, 577 (1996).

11 C. Sebadtian, K. ERding, E. Horn, Exp. Brain Res. 112, 213 (1996).

12 A. Schatz, R. Reitgtetter, A. Linke-Hommes, W. Briegleb, K. Slenzka, H. Rahmann,
Adv. Space Res. 14, 35 (1994).

13 W. Hanke, Adv. Space Res. 17, 143 (1996).

14 H. Machemer, Adv. Space Res. 17, 11 (1996).

15 D. Neugebauer, H. Machemer, Cell Tissue Res. 287, 577 (1997).

16 M. Wiederhold, Brain Res. 78, 490 (1974).

17 M. Wiederhold, Annu. Rev. Biophys. Bioeng. 5, 39 (1976).

18 A. Hudspeth, P. Gillespie, Neuron 12, 1 (1994).

19 G. Clément, A. Berthoz, Proc. Eur. Symp. Life Sci. Res. Space 5, 333 (1994).

20 D. Moore, P. Bie, H. Oser (Eds.) Biological and Medical Research in Space,
Springer, Berlin, Heidelberg, 1996.

21 D. Sieving, Aviat. Space Environ. Med. 68, 346 (1997).

22 W. Becker, J. Marxen, M. Epple, O. Reelsen, J. appl. Physial. 89, 1601 (2000).

23 H.-J. Marthy, Proc. Eur. Symp. Life Sci. Res. Space 5, 177 (1994).

oo



24

25

26

27

28

29

47

49

51

52

L83

20 Gravitationa Zoology: How Animals Use and Cope With Gravity 331

H. Schatten, A. Chakrabarti, M. Taylor, L. Sommer, H. Levine, K. Anderson, M.
Runco, R. Kemp, Cdll. Biol. Int. 23, 407 (1999).

H. Pedrozo, Z. Schwartz, M. Luther, D. Dean, B. Boyan, M. Wiederhold, Hearing
Res. 102, 51 (1996).

E. Horn, H. Agricola, S. Boser, S. Forster, G. Kaémper, P. Riewe, C. Sebastian, Adv.
Space Res., in press.

E. Horn, C. Sebastian, J. Neubert, G. Kdmper, Proc. Eur. Symp. Life Sci. Res. Space
6, 267 (1996).

R. Gerzer, P. Hansson (Eds.) The Future of Humans in Space, Proc. 12th IAA Man
in Space Symposium in Washington, D.C., U.SA., June 1997, specia issue of Acta
Astronautica, Elsevier, Oxford, 1998.

A. Berthoz, A. Guell (Eds.) Space Neuroscience Research, Proc. of a workshop held
in Paris, France, April 1997, specia issue of Brain Res. Rev., Elsevier, Amsterdam,
1998.

A.-M. Duprat, D. Huson, L. Gualandris-Parisot, Brain Res. Rev. 28, 19 (1998).

R. Wassersug, M. Yamashita, Adv. Space Res. 25, 2007 (2000).

G. Ubbels, ESA Microgravity News 2, 19 (1988).

K. Souza, S. Black, R. Wassersug, Proc. Natl. Acad. Sci. U.S.A. 92, 1975 (1995).

L. Gualandris-Parisot, S. Grinfield, F. Foulquier, P. Kan, A.-M. Duprat, Adv. Space
Res. 17, 265 (1996).

C. Aimar, A. Bautz, D. Durand, H. Membre, D. Chardard, L. Gualandris-Parisot, D.
Husson, C. Dournon, Biol. Reprod. 63, 551 (2000).

S. Mori Nagoya J. Med. Sci. 58, 71 (1995).

V. Sabo, K. Bod'a, V. Chrappa, Vet. Med. (Praha) 40, 147 (1995).

T. Suda, Bone 22 (Suppl.), 73S (2000).

J. Barrett, D. Wells, A. Paulsen, W. Conrad, J. Appl. Physiol. 88, 1614 (2000).

H. Rahmann, K. Slenzka, Proc. Eur. Symp. Life Sci. Res. Space 5, 147 (1994).

K. ljiri, The First Vertebrate Mating in Space, RICUT, Tokyo, 1995.

E. v. Holst, Pubbl. Staz. Zool. Napoli 15, 143 (1935).

S. Watanabe, A. Takabayashi, M. Tanaka, D. Yanagihara, in: S. Bonting (Ed.) Ad-
vances in Sace Biology and MedicineVal. 1, JAl Press, Tokyo, 1991, pp. 99.

R. Hilbig, T. Schile, M. Ibsch, R. Anken, H. Rahmann, Proc. C.E.B.A.S. Workshop
Conf. 12, 51 (1996).

R. v. Baumgarten, G. Badrighi, G. Shillinger, Aerospace Med. 43, 626 (1972).

H. Deldong, E. Sondag, A. Kuipers, W. Qosterveld, Aviat. Space Environ. Med. 67,
463 (1996).

R. v. Baumgarten, Exp. Brain Res. 64, 239 (1986).

R. Anken, T. Kappdl, H. Rahmann, Acta Otolaryngol. (Stockh.) 118, 534 (1998).

R. v. Baumgarten, R. Thimler, Life Sci. Space Res. 17, 161 (1979).

R. Anken, M. Ibsch, D. Bremen, R. Hilbig, H. Rahmann, Proc. C.E.B.A.S. Work-
shops 11, 73 (1995).

H. Rahmann, K. Slenzka, R. Anken, R. Appd, J. Flemming, R. Hilbig, T. Kappd, K.
Kortie, G. Nindl, U. Paulus, in: P. Sshm (Ed.) Scientific Results of the German
Foacelab Mission D-2, Wissenschaftliche Projektfiihrung D-2, Aachen, 1995, pp.
621.

R. Hilbig, R. Anken, G. Sonntag, S. Hohne, J. Henneberg, N. Kretschmer, H. Rah-
mann, Adv. Space Res., in press

R. Anken, K. Werner, J. Breuer, H. Rahmann, Adv. Space Res. 25, 2025 (2000).

R. Anken, E. Edelmann, H. Rahmann, NeuroReport 11, 2981 (2000).



332

55

57

59

61

R. H.Anken and H. Rahmann

K. Slenzka, R. Appdl, V. Seibt, R. Anken, H. Rahmann, Proc. C.E.B.A.S. Workshop
Conf. 10, 42 (19%4) .

R. Anken, K. Slenzka, J. Neubert, H. Rahmann, Adv. Space Res. 17, 281 (1996).

R. Anken, H. Rahmann, Adv. Space Res. 22, 281 (1998).

H. Rahmann, K. Slenzka, R. Hilbig, J. Flemming, U. Paulus, K. Kortje, A. Béuerle, R.
Appel, J. Neubert, W. Briegleb, A. Schatz, B. Bromeis, Proc. Eur. Symp. Life Sci.
Res. Space 5, 165 (1994).

R. Anken, R. Hilbig, M. Ibsch, P. Véhringer, H. Rahmann, Proc. Eur. Symp. Life Sci.
Res. Space 7, 124 (1999).

G. Nindl, K. Kértje, K. Slenzka, H. Rahmann, J. Brain Res. 37, 291 (1996).

L. Serova, Aviakosm. Ekolog. Med. 27, 15 (1993).






