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flow in a cardiac system may serve both to
increase mixing and to maintain organized
spatial patterns. n
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Now is a quiet period in space biology,
perhaps as quiet as before autumn
1957, when Laika the dog — and the

discipline — left the launch pad. The pri-
mary platforms for biological research in
microgravity are retired (Mir and NASA’s
modular Spacelab), on indefinite hold
(Russia’s unmanned BION satellites), or
still being made (the International Space
Station). Even NASA’s space shuttles are
grounded for maintenance. So this is a good
point at which to take stock of where space
life science has been and where it might go.
As part of this process, NASA’s Center for
Advanced Studies in the Space Life Sciences
sponsored an unusual workshop last
month* on how microgravity affects biolog-
ical systems — unusual in that it focused on
microgravity’s effects above the cellular level,
in contrast to most contemporary biology,
which is more molecular and reductionist in
scope. 

Research in space biology is often ratio-
nalized on the grounds that it may lead to
medical advances for debilitating malaises
of old age (such as osteoporosis and muscle
wasting), or that it may improve the health
and welfare of astronauts on long missions.
Those arguments, although potentially
valid, were hardly heard at the workshop.
Rather, the common motivating force
seemed to be a genuine desire to understand
the role that gravity has played in the evolu-
tion of life on our planet, using microgravity
as an investigative tool.

The workshop was unusual not only in its
focus, but also in the diversity of organisms
and organ systems discussed. Attendees
heard about molluscs, insects, fish, am-
phibians, rats, monkeys, humans and even
wheat1–4. The word ‘integrative’ in the work-
shop’s title refers to the direct and indirect
effects of microgravity and other environ-
mental variables on multiple organ systems
and their development. A nice example of
this is seen in medaka. This fish was the first

(and still the only) vertebrate to mate and lay
eggs that developed into free-living offspring
in microgravity5. Under these conditions,
some strains of medaka continuously som-
ersault as they swim. The problem is not in
their vestibular system, as one might sup-
pose, but in their visual system (K. Ijiri, Univ.
Tokyo) — strains with poor vision are more
likely to loop.

Another example is wheat. This is the first
species to be raised to seed, from seed that
was itself raised in microgravity (G. Bing-
ham, Utah State Univ.). That simple goal —
of getting a large terrestrial plant to complete
two generations in space — had eluded
space botanists for decades. We now know
that water requires special management in
microgravity. A granular matrix around
roots, even a seemingly well-hydrated one,
can have non-wet voids that hinder water
uptake. And capillarity, unopposed by gravi-
ty, can produce films of fluid that block gas
diffusion and limit oxygen uptake by roots.
Similarly, in microgravity germinating seeds
easily asphyxiate. 

There is evidence from recent missions
such as Neurolab that, during certain critical
periods, gravity is necessary for normal devel-
opment of the vestibular-motor reflexes in
both frogs (E. Horn, Univ. Ulm) and rats (A.
Ronca, NASA Ames Research Center, Califor-
nia). Developmental biologists at the work-
shop spoke for longer-term studies into this
gravity dependence. Likewise, the compara-
tive physiologists identified a multitude of
questions that could be answered given
longer-term missions. For instance, does the
rate of bone demineralization in astronauts
carry an increased risk of kidney-stone
formation (C. Wade, NASA Ames Research
Center, California)? Does the well-docu-
mented wasting of postural muscle in micro-
gravity feed back on the nervous system such
that reconditioning is retarded on re-entering
‘normal’ gravity (R. Roy, Univ. California, Los
Angeles)? And does the unexpectedly high
deposition of small (less than 1 mm) aerosol
particles in the lungs under microgravity
increase the risk of chest infections in astro-
nauts (J. West, Univ. California, San Diego)?

Perhaps the most impressive demonstra-
tion of what can be accomplished came from
neurobehavioural studies. On the 1998 Neu-
rolab mission, four rats had multi-electrode
recording arrays chronically implanted next
to their hippocampal ‘place cells’ (neurons
that encode a cognitive map of the environ-
ment), to see which cells fired as the animals
negotiated a three-dimensional track (J.
Knierim, Univ. Texas, Houston). Such stud-
ies could reveal how information on gravity
(and other accelerations) is processed by the
nervous system, from the peripheral recep-
tor to deep within the brain. They could also
help to explain the visual illusions experi-
enced by some astronauts when they arrive
in space — such as the impression that the
world is upside down — and how the ner-
vous system accommodates to microgravity
as these illusions disappear later in the
mission.

Despite a general consensus about what
can realistically be accomplished in integra-
tive space biology, there were subtle differ-
ences of opinion about what should fly on
the International Space Station. For exam-
ple, developmental biologists felt that
research in the near term must use only a
limited set of model organisms. In contrast,
several physiologists and behaviourists felt
that many species are needed, covering a
large size range, so that scaling effects can be
dissected out. Both are correct. For most
studies of early embryogenesis, a rat is a rat.
But for studies in physiology or behaviour,
the differences between laboratory and wild
strains of the same species may be enormous.

Although integrative space biology is
barely 40 years old, the workshop showed
that it has a pedigree of performance, as well
as realistic goals. It was also agreed that the
International Space Station should be an
outstanding laboratory for integrative biolo-
gy, despite its limitations for other scientific
disciplines. To understand how microgravi-
ty affects biological systems we need the
time, work space, equipment and on-site
attention available only in a high-quality,
manned space station with good internal
environmental controls — just what the
International Space Station is supposed to
be. n
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