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ABSTRACT

Results obtained from nine experiments performed onboard Russian biosatellites have shown that microgravity
promotes tissue regeneration in the newt, Pleurodeles waltl. The effect has been reproduced in all flights and
on a clinostat as well for eye tissues (lens and retina), limbs and tail. The effect was demonstrated in 1.5- to 2
-fold increase in cell proliferation in the early stages of regeneration in space flight. Animals “flown” intact
and operated after flight regenerated faster than control ones and showed long-lasting micro-“g” effect. The
most recent experiment flew aboard the Bion-11 biosatellite. This test was performed for study on microgravity
effect on neural retina regeneration after optic nerve lesioning in the newt. Obtained results confirmed our
previous information about intensification of regenerative processes in detached neural retina in urodela
exposed to simulated weightlessness (Grigoryan et al., 1998). In particular, we found the increase and activation
of cell populations participating in neural retina restoration and maintenance of retinal structure. Qur findings
suggest that promoting effect of microgravity upon regeneration could be influenced by several factors,
largely influenced by a response of the whole organism to changed gravity vector. We hypothesized the
synthesis of the specific range of stress proteins induced by micro-“g” and their regulative role in cell
proliferation. Such a hypothesis for the existence of “altered gravity stress proteins” is discussed.

© 2002 COSPAR. Published by Elsevier Science Ltd. All rights reserved.

INTRODUCTION

A rationale for studying the influence of space flight on regenerative processes in vertebrates is the
expectation of peculiarities in regeneration for animals and humans in space and during recovery after returning
to the Earth. Lower vertebrates, and especially urodelean amphibians, have a good ability to regenerate
organs and tissues, including tissues of an eye. Besides, these animals are convenient for using in flights
onboard biosatellites, as they survive well, and keeping of them does not require complex expensive hardware.

The first investigation of the influence of space flight upon regeneration in amphibia was performed in
1985 by researchers at the Institute of Developmental Biology and Institute of Medico-Biological Problems
in Moscow. At that time peculiarities of regeneration were found in the animals, exposed to space for 7 days.
Additional experiments extended those results. We now know that space flight does not depress regeneration
in lower vertebrates, but, in fact, stimulates restoration of the lens, forelimb, and tail. Regeneration of these
organs is faster and more synchronous in space. The basis of this accelerated regeneration is an increase of
cell proliferation. The stimulating effect appears longterm; occurring not only during flight, but also for a long
time after flight (Mitashov et al., 1987, 1990, 1996, Grigoryan et al., 1992; Tuchkova et al., 1994; Brushlinskaya
et al., 1994, 1997). The main results of our experiments in regeneration have been well reproduced in space
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flights, and in ground studies using simulated micro-“g” provided by a slowly rotated clinostat (Anton and
Grigoryan, 1993a,b; Anton et al., 1996, 1998; Grigoryan et al., 1998).

b.

Fig. 1. Models of neural retina regeneration in the newt. a. Neural retina complete artificial detachment;
b. Neural retina microsurgical removal; ¢. Optic nerve and blood vessels severed.

REGENERATION EXPERIMENTS ABOARD BION-11

The purpose of our most recent study was to examine the influence of space flight and, in particular
microgravity, on neural sensory tissue regeneration in vertebrates using the adult newt retina as a model
tissue. This study first required an analysis of known models of neural retina regeneration of the newt in vivo,
in order to select the one, most appropriate for a 2 week flight experiment on a biosatellite. As before, adult
newts Pleurodeles waltl served as the object of our studies. The methods we applied included microsurgery,
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Fig. 2. Scheme of experiment performed aboard biosatellite Bion - 11.°H-Tdr - tritiated thymidine.*Number of animals
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histological analysis, transmission electron microscopy, *H-thymidine radioautography, and immunohistological
assay.

Various models of neural retina regeneration in urodeles (Figure 1) can be used for research of neural
tissue regeneration in space flight experiments. However, comparative analysis of results obtained with these
models in laboratory experiments has demonstrated differences in the intensity and dynamics of cell proliferation
during regeneration. The processes of cell degeneration, clearing of the eye, cell proliferation, cell de- and
trans-differentiation, and processes of morphogenesis for newly formed neural retina occurred at different
times with these models after various types of damage. Moreover, the degree of participation of different cell
types also varied depending on the type of injury. For example, retinal pigmented epithelium cells contributed
most to neural retina regeneration after retina removal and the least after neural retina detachment. Cell
proliferative activity took longer after optic nerve lesioning than after neural retina removal; however, after
detachment it was slow in the early stages of regeneration and fast in the late stages. Degeneration of the
neural retina and macrophage activity was most extensive after the optic nerve was severed, but slight when
the neural retina was removed. These data suggest the optic nerve sectioning is the best model for studying
peculiarities of retinal regeneration under space flight conditions.

In preliminary experiments, we were able to demonstrate 100% survival of 20 newts for 1 month in our
“Triton” container. Gas exchange and humidity level were noramal during the experiments. These ground
studies established that housing conditions did not affect neural retina regeneration after the optic nerve was
cut. The process of regeneration was not changed and its dynamics was comparable with that described
earlier for animals raised in more standard laboratory conditions (Keefe, 1973).

In January 1997 our experiment flew aboard the Bion-11 biosatellite. We used 30 animals for basal
control, synchronous control and flight test. In each group there were 10 newts operated 2 and 4 weeks
before launch (5 animals in each subgroup). The duration of the flight was 2 weeks (Figure 2). Just after
landing, the “flown” animals were injected with the precursor of DNA synthesis [*H]-Tdr (tritiated-thymidine),
and fixed for subsequent autoradiographic, immunohistochemical, electron-microscopical, and histological
analyses. Synchronous ground control animals were treated similarly. Animals of basal (prestart) control
were injected with [*H]-Tdr and fixed in the day of launch.
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Fig. 3. Successive stages of neural retina regeneration after lesioning of the optic nerve in the newt. RPE - retinal
pigmented epithelium; ONR - original neural retina; ERR - early retinal regenerate. | - Il - ONR degeneration, Iil - V -
ERR formation by transdifferentiating cells of RPE and celis of eye growth zone, VI - Vil - morphogenesis of newly
formed retina and regeneration of the optic nerve.
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Fig. 4. Stages of neural retina regeneration after optic nerve sectioning in newts exposed to two weeks of space
flight and in control animals. I - 2 weeks after operation before taking-off, II - 4 weeks after operation before taking-
off. B-basal control; S- synchronous control; F- flight.

We used our previously developed classification for the consecutive stages of retinal regeneration to
determine the neural retina regeneration rate in flight and control specimens. Figure 3 demonstrates seven
over-simplified stages of neural retina regeneration after optic nerve and blood vessels cut off. Morphometry
was used to evaluate the rate of differentiation of regenerating neural retina. We detected a remarkable
increase in retinal regeneration rate for the newts flown two weeks after retinal nerve sectioning. Animals
operated 4 weeks before flight restored their neural retinas more synchronously, but at somewhat similar
levels with animals of the control group (Figure 4).

We compared the number of [PH]-Tdr-labeled cells in retinal pigmented epithelium, in the eye growth
zone and in different areas of the retina. The radioautographic data confirm conclusions from the morphometry.
The proliferative activity in flight animals was 1.2 to 1.5 times higher than in the synchronous ground controls
(Figure 5).

We used immunohistochemistry to study glial
fibrillar acidic protein (GFAP) expression in glial cells 70
of the retina. Indirect immunofluorescence revealed 1
that the number of Mullerian glial cells expressed 60

GFAP in retinal rudiments at the late stages of 1
regeneration was higher in flight animals than 50
controls. GFAP expression level, evaluated as 1
specific fluorescence intensity in radial processes of 40
GFAP-immunopositive cells, was also higher in the 1

flight than the control newts. In sum, these data 30
suggest that microgravity accelerates the process 1

of neural retina regeneration, and, in particular, 20
stimulates cell populations participating in the 1
maintenance of retinal regenerate structure and 10
newly growing neurons. 0 T
These results confirm and extend information - B S F B S F

on regeneration oftl}e lens, forelimb and tail in newts Fig. 5. Indexes of labeled nuclei (%) in the central part of
exposed to space flight. Together, they suggest an neural retina regenerates developed in newts operated
intensification of regenerative processes in lower two (1) and four (If) weeks before start. B-basal control;
vertebrates under space flight conditions. These S- synchronous control; F- fiight.
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results are also in good agreement with data obtained earlier on regeneration after neural retina detachment
in newts exposed to simulated microgravity on a clinostat (Grigoryan et al., 1998).

The new results show once again that early stages of regeneration are most sensitive to microgravity, as
observed in studies of the influence of space flight on lens and forelimb regeneration (Mitashov et al., 1987,
1990, 1996, Grigoryan et al., 1992). Activation of multipotent cells, de-differentiation of specialized cells,
cell proliferation, and migration characterize early stages of tissue regeneration in the newt. These processes
may be stimulated as a result of the influence of a changed gravity vector upon the whole animal organism.
Cell proliferation in particular has been well investigated and show to increase 1.5 to 2 times during lens and
forelimb regeneration in animals exposed to space flight (Mitashov et al., 1987; 1996; Brushlinskaya et al.,
1994; 1997; Tuchkova et al., 1994). These data lead us to an idea that organismic effects of space flight may
influence cell proliferation during organ and tissue regeneration in lower vertebrates.

PERSPECTIVES

How might micro-“g” influence cell proliferation? Space flight has long-term effect on cell proliferation,
as observed in regenerating tissue long after flight, in animals operated before launch. Moreover, the same
effect was detected in animals operated on just after landing (Tuchkova et al., 1994). Influence of micro-“g”
appears to be “nonspecific”. An increase in cell proliferation was observed not only in regenerating tissues,
but also in cells did not directly participate in regeneration (Anton and Grigoryan, 1993b; Brushlinskaya,
1995). In addition, clinostat tests show the presence of a distinct threshold of newts’ sensitivity to gravitational
vector changes (Anton et al., 1996): the stimulating effect on regeneration could be detected only when the
mean “‘g” was no higher than 10°. Taking all these findings into account, we can suppose that microgravity
does not directly influence the cells which participate in regeneration, and the space flight influences the
regeneration in newts is mediated by animal’s organism generalizing response.

The latter could include changes of calcium content in tissues, increase of metabolism rate, changes in
hormonal status and salt balance, redistribution of liquids in animal’s body, etc. The possible role of some
changes among listed, we discussed earlier (see Brushlinskaya et al., 1997). Particular attention has been
given to the role of demineralization and hormonal shift that could take place in newts under conditions of
space flight. Data obtained on newts in studies of regeneration under microgravity conditions suggest a
washing out of calcium from the newts’ bodies, and the appearance of large multinuclear osteoclasts that
destroy the axial skeleton and limb bones (Besova et al., 1992). Those authors also described changes in the
ultimobranchial gland responsible for the regulation of calcium content in the newts during regeneration and
development. Hyperfunctioning and hypertrophy of this gland was observed, followed by the destruction of
50-90 % ofits follicles. During recovery, the ultimobranchial gland was gradually restored at the expense of
pharyngeal endoderm cells (Besova et al., 1992). Based on these data we earlier hypothesized that this
accounted for the synchronization and acceleration of limb and tail regeneration in the newt under conditions
of microgravity. The key moment of regeneration of these organs is the blastema formation. Bone destruction
at the area of amputation precedes migration and dedifferentiation of blastema-forming cells. We assumed
that under conditions of microgravity blastema formation and development occurs faster due to quick
demineralization of the skeleton and high osteoclast activity. However, other research on calcium content and
osteoclastic resorption rate in intact bones of the newts regenerating forelimb and tail reveals significant
reduction not an increase of calcium content in newts exposed to space flight after surgery (Berezovska et al.,
1998). These contradictory results are, possibly linked to differences in methods of calcium content evaluation
and tissue sampling. Clearly the topic of bone decalcification and osteoclastic activity in newts subjected to
space flight needs its further investigation. Until then, our hypothesis on the role of decalcification in accelerating
regeneration can be neither confirmed nor denied. Besides, it is necessary to note that this hypothesis can only
explain cases of accelerated limb and tail regeneration, not the of rapid regeneration of eye tissues seen in
newt exposed to space flight.

Relationships of the ultimobranchial gland to other endocrine glands has not been clearly established. A
possible connection via hormone prolactin is suspected (Wendelaar Bonga and Pang, 1989). There is an
evidence that prolactin plays a role in regulating of calcium metabolism, especially, in amphibians which have
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no parathyroid glands (Wendelaar Bonga and Pang, 1991). So, it seems reasonable to assume that under
conditions of microgravity prolactin production and delivery to tissue changes as well. These changes could
promote regeneration, since prolactin is known to stimulate regeneration in urodeles (Schaube and Nentwig,
1974).

The role of growth factors in stimulation of cell proliferation and tissue regeneration is well documented
(Gospodarowicz and Mescher, 1980, Yamada, 1989). Possibly the increase of cell proliferative activity in
“flown” newts could be linked to changes in growth factor(s) expression. Changes in levels of growth factor
TGF-beta and its RNA expression have been observed in rats developing under conditions of space flight
(Westerlind and Turner, 1995). In sum, multiple factors could influence cell proliferation and regeneration
rate in newts under space flight conditions. We assume that this influence is mediated by the changes in
organismic level and this response one can name the “generalized” stress that the newts receive when exposed

to weightlessness (Figure 6).
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Fig. 6. Proposed mechanisms for indirect effect of microgravity on regeneration in Urodela. AGSPs - altered
gravity stress proteins. (See explanation in text).
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On the other hand, surgery, accelerations during launch and landing, overcrowding inside containers, all
are factors inducing stress. In order to separate the specific influence of stress caused by low “g”, we compared
regeneration in animals on a clinostat (altered gravity stress) to ones immobilized (fettering stress) (Anton et
al., 1998). We observed no enhancement of tail regeneration rate in newts exposed to immobilizing stress
compared to the enhancement produced by clinorotation. Therefore we hypothesize that conditions of altered
gravity (hypo- and hyper-gravity, readaptation to 1 “g”) induce the specific kind of stress - “altered gravity
stress, AGS”. The latter, in turn, creates an internal microenvironment that influences cell proliferation by
signal transduction comparable with other stress response pathway (Waskiewicz and Cooper, 1995). Cellular
responses to stressed microenvironment appear to involve an interplay between cell surface elements and
second messengers (Ingber, 1991). Recent evidences indicate that multiple signal transduction pathways are
activated by different stresses. Studies on the effects of heat shock and osmotic, metal, chemical stresses on
transcriptional activation have revealed that there is an up-regulation of proteins that are phosphorylated on
their tyrosine residues (Chen et al., 1995). Cellular responses to external signals such as growth factors,
nutrient status, or stress are controlled by a family of 41 - 44 kDa serine-threonine kinases (MAPK family-
extracellular regulated kinases). When a stress is sustained, gene regulatory changes often follow the immediate
responses (Komuro et al., 1990). All these facts may help to understand a link between the stress induced by
altered gravity and changes in gene expression that leads cells to faster division.

Another possibility of these extracellular stimuli is the synthesis of stress proteins (heat shock proteins
(HSPs), stress-related, or resistance-related proteins). HSPs represent families of highly conserved proteins
essential to cell survival, which are induced during times of physiological stress. Ohnishi et al. (1996) found
the increase of heat shock proteins (HSP72) synthesis in different tissues of the goldfish exposed onboard
shuttle IML-2 within 15 days of mission. In this work the significant accumulation of HSP72 was revealed in
skin, muscles, and spleen of “flown” animals in comparison with 1 “g” control. These proteins, in turn, can
induce the increase of cell proliferative activity, and, possibly, other regenerative responses. An association of
some HSPs with proliferative events in normal and malignant cells was shown (Kippenberger et al., 1999,



Urodelean Regeneration under Microgravity 763

Yano et al., 1999). It was also found that HSP70 plays a role in mediating motoneuron survival after peripheral
nerve transection (Newfry and Jones, 1998) and stimulates proliferation and cytolytic activity of natural killer
cells (Multhoff et al., 1999).

It is interesting also that there are differences between ranges of stress family proteins synthesized in
newts subjected to different kinds of stress, thermal shock or trauma (Tam et al., 1992). We think it is possiple
that the range of HSPs synthesized as a response to altered gravity can be specific and different from that
produced after heat shock or tissue damage (Figure 5). We will search for such stress proteins - we might give
a name of “altered gravity stress proteins” (AGSPs) when their existence to proved.
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