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Most space-related life science programs are expensive and time-consuming,
requiring international cooperation and resources with trans-disciplinary
expertise. A comprehensive future program in “life sciences in space”
needs, therefore, well-defined research goals and strategies as well as a
sound ground-based program. The first half of this review will describe four
key aspects such as the environment in space, previous accomplishments
in space (primarily focusing on amphibian embryogenesis), available re-
sources, and recent advances in bioinformatics and biotechnology, whose
clear understanding is imperative for defining future directions. The second
half of this review will focus on a broad range of interdisciplinary research
opportunities currently supported by the National Aeronautics and Space
Administration (NASA), National Institute of Health (NIH), and National
Science Foundation (NSF). By listing numerous research topics such as
alterations in a diffusion-limited metabolic process, bone loss and skeletal
muscle weakness of astronauls, behavioral and cognitive ability in space,
life in extreme environment, etc., we will attempt to suggest future oppor-

tunities.

Designing appropriate, cost-effective experiments will
be conceptually and technically difficult, since micro-
gravity effects can be subtle and therefore difficult to
recognize (Schmitt, 1999). In order to help identify future
research opportunities in space, we will first describe
the interactive aspects of life sciences in space by
addressing the following four questions:

- What are true microgravity effects?

- Which basic biological phenomena can be better
understood using a microgravity environment?

- What technical advantages does a space station
offer?

- Which commercially viable products can be pro-
duced in a microgravity factory?

The space environment

Understanding the environment in space is a first step
for predicting the future directions of microgravity life
sciences. It is important to note that a microgravity
effect, observed in space (e.g., random orientation of
axis of growth of a higher plant during spaceflight), is
not necessarily identical to unioading effects observed
on ground (e.g., muscle atrophy in bed ridden patients).
Furthermore, micro-gravity effects need to be distin-
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guished from other physical effects in space. Spacecraft
liftoff forces, radiation levels (Suzuki, 1998, Kiefer and
Pross, 1999), ambient atmospheric conditions (Musgrave
et al., 1997), and temperature extremes come into play
during the typical spaceflight experiment and need to
be dealt with, but not as microgravity effects. Some
research projects are specifically designed to elucidate
the effects of microgravity on living systems. Such
research projects can be viewed either from the basic
science viewpoint of gaining a better understanding of
life's origins, mechanisms, and strategies (Boonstra
1999), or from the practical viewpoint of improving
astronaut health andfor colonizing outer space (Helick
1998). Recent studies suggest that cells may sense
gravity through changes in the balance of forces that
are transmitted across transmembrane adhesion re-
ceptors (Ingber, 1999). Other research projects are
designed to exploit microgravity as a tool to answer
fundamental questions about cells, tissues, and organs.
The unique environment of microgravity will eventually
be available as yet another “laboratory condition” for
studying basic aspects of the structure and function of
biological macromolecules (Yokota et al., 1998).

Previous accomplishments in space

Focusing mainly on amphibian embryogenesis in space,
we will describe previous accomplishments in space.
To broaden the search for true microgravity effects,
substantial attention has been given to a variety of
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embryos. The concept being that the inherent fragility
of the embryo would provide an excellent test system
for recognizing even subtle microgravity effects. Even
small microgravity effects might cascade into major,
catastrophic effects as growth of the embryo magnified
small defects into easily recognized monstrosities. This
idea is especially appealing because it would likely
offer an opportunity to recognize individual cell types
as microgravity targets (Asashima et al., 1999).

Amphibian eggs have provided the best test system,
for not only are they vertebrates, but they have been
fertilized during spaceflight, permitted to develop through
the early stages of embryogenesis, and then examined
upon return to Earth. Two completely independent
experiments, employing different species (frog/newt)
have generated essentially similar data (Sousa et al,,
1995; Mogami et al., 1996). Amphibian eggs were
fertilized and the embryos developed normally through
the organ and tissue development stages under micro-
gravity. A number of subtle effects were observed: (i)
the location of the first horizontal cleavage furrow was
shifted toward the vegetal pole at the eight-cell stage,
(i) the position of the blastocoel was more centered,
(iiiy the dorsal lip appeared closer to the vegetal pole.
Similar effects were observed under the simulated
unloading on ground by clinostation (Neff et al., 1993).
It would be interesting to investigate whether self-
correcting mechanisms such as re-targeting of neurons
or compensatory growth of an affected tissue takes
place in amphibian embryogenesis under microgravity.
It is possible that future space trials will reveal more
subtle effects at one or another level of biological
organization.

For a vertebrate, the “dream” experiment will be
testing egg-to-egg development. In the case of am-
phibians, the difficulty in providing long-term (6 months
to one year for a “generation time”) husbandry for
eggs, embryos, larvae, metamorphosing animals, and
adults preclude such experimentation in the near future.
Jellyfish embryos have aiso been analyzed for space-
flight effects. Although many embryos appeared to be
normal, some embryos showed various presumed micro-
gravity effects on limb development and swimming
behavior (Spangenberg et al., 1997).

Available resources

Besides Earth-based support facilities, a space station
will be available in the 21st century. Aithough many life
scientists are skeptical about the usefulness of the
space station (Reichhardt et al., 1998, Lawler, 2000),
several advantages are easily recognized: experiments
for long duration (which might permit for some animal
species egg-to-egg embryogenesis), relatively large
onboard centrifuges for performing appropriate control
experiments, more sophisticated (and larger) equip-
ment for specimen manipulation, and more appropriate
measuring devices for data collection. The use of a
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centrifuge control will be included in the experiments
on the space station. Since any true microgravity
effects will likely be subtle, and therefore difficult to
quantify or otherwise document, data from onboard,
centrifuged specimens will be a prerequisite for draw-
ing conclusions about putative microgravity effects. To
date, due to technical constraints of spacecraft design
(limited space) and flight duration (typically only several
days) most space biology experimentation has employed
ground-based specimens as controls.

Several projects have been developed with commer-
cialization as a driving force. For example, the produc-
tion of large protein crystals, which would facilitate
elucidating the molecular structure of potential intracel-
lular drug targets, has been one important goal.
Improved quality of protein crystals has been reported
in microgravity (Littke and John, 1986, Berisio et al.,
2000). However, high costs challenge the commercial
potential of this space research platform. The pro-
spects for direct commercial-scale production in a
microgravity environment and a possible bio-technology
factory inside a space station wait for creative cutting-
edge bio-technology research (Canizares, 1998, Klaus,
1998). .

Advances in bioinformatics and biotechnology

Recent rapid advances in bioinformatics and biotech-
nology have the potential to reshape future life
sciences in space. The genome of many organisms
including C. elegans (Bargmann, 1998), Drosophila
(Sanchez et al., 1999), mouse (Blake et al., 1999), and
human (Collins, 1998) will soon be fully sequenced. It
is probable that virtual gene searches using computa-
tional tools will provide insights into potential micro-

Table 1. NASA-sponsored research opportunities in space life sciences

High priority area Research subject

Molecular Static boundary layer effects on gas exchange
structures and  Changes in heat transfer
physical Lack of convective fluid movements
interactions Alterations in diffusion-limited metabolic processes
Gametogenesis and fertilization
Pattern formation
Devgilgﬁ)mental Organogenesis
9y Neural and vestibular development
Development of gravisensing systems
Cell cycle
Apoptosis
Cellular and Cell senescence
molecular biology Cell growth
Nerve cell formation

Response to injury in nerve cells

Response to gravitational force
Effects of hypergravity and hypogravity
Regulation of physiological systems

Organismal and
comparative

biology Interaction of gravity and other environmental factors
Gravitational Structure and function of ecosystem
ecology Evolution or stability of ecosystem
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Table 2. NIH program titled “Earth-Based Research Relevant to the Space Environment”

Research area Research subject

Research area Research subject

Role of binaural auditory cues

Development of the vestibular system

Central adaptation of vestibular functions
Vestibular autonomic regulation and dysregulation

Spatial orientation Spatial human cognition

and
Sensory structures and neural pathways
sensory-motor . -
processes Adaptation of sensory-motor systems

Eye movement

Postural control

Spatial navigation
Sensory-motor integration

Autonomic control of blood pressure
Development of the central nervous system
Cerebral homeostasis

Neuronal plasticity

Gene transfer

Neuroendocrine function

Chemosensory changes

Nervous system

Comparison of the effects of aging

Effects on older vs. younger men and women
Interactions with other systems

Changes in calciotropic hormones

Uncoupling of bone remodeling

Enhanced propensity for falls and fractures
Lighting and Vitamin D synthesis

Bone density

Bone cell function and activity

Nutritional and environmental factors to bone
Countermeasures to bone loss

Chemical signals on bone growth

Vascularity of muscle fibers

Physiologic changes of bone and skeletal muscle

Musculoskeletal
system

Technique to evaluate behavior
Neurobiological and psychosocial mechanisms
Effects of the space fight environments

Behavioral and Space flight associated stresses

Pulmonary function

Progression of pneumonia and other infections
Cellular processes across lung alveolar cells
Defense mechanisms

Oxygen radical formation and antioxidant activities
Expression of differentiation-specific genes

Effects on various lung cells

Pulmonary microvascular permeability changes
Pulmonary vascular tone and responsiveness
Neurobiological transduction proerties

Mechanisms of force reception in lung cells

psychological Affective and cogniti
gnitive responses ]
processes Strategies during long-duration missions Long and short-term adaptations
Influence of crew psychosocial heterogeneity Periodic breathing, dyspnea, and sleep apnea
Effects of differences in the cultures Sleep and Age effect
biological rhythms Changes in circadian/sleep cycles

Biophysics of cell signaling Neurobehavioral deficits
Arterial, systolic, and diastolic blood pressure Behavioral and pharmacological interventions
Vascularity of muscle fibers
Vascular tone and responsiveness Immunological change
Cerebral cortical blood flow Initiation of immune dysregulation and reversibility

Cardiovascular  Time-dependent development of high blood pressure Immunology Responses to opportunistic infection

function Role of salt sensitivity or sympathetic nerve activity Immune responses and neuroendocrine parameters
Cardiovascular adaptations Cellular and animal models of disease
Autonomic function
Peripheral vascular changes A -
Vestibular/fautonomic nervous system interaction Pharmacodynamics gg%sa"zfgfa;ngeggeﬁgvg aﬂﬁg;ca"on
Interaction with dircadian rhythms pharm:gt?kinetics Pharmao_okinetics of pharmacological compounds
Drug delivery

Microgravity-induced osteopenia and muscle atrophy
Mechanisms to external loading and unloading Innovative mechanisms affecting gene expression
Turnover of matrix and contractile proteins Regulation of hemoglobin gene expression
Bone loading Hemodynamics  Regutation of globin gene expression
Bone loss and skeletal muscle weakness Formation of platelet micro-aggregates and activation
Effects of hormonal and growth factor Storage of platelets
Cellular response to altered stress and gravity
Evaluation of 3D structure and integrity

Musculoskeletal Gene expression of bone and muscle cells Fluid and cardiovascular resuscitation

system Alterations in blood flow Physiology of shock and compensatory mechanisms

Development of therapeutic agents Routine clinical assessments
Motor unit loss Bioengineering principles
Role of exercise and overload Injury Acute to long-term responses to injury

Trophic factors

Role of nutrition on muscle mass

Effect of microgravity, bed rest, and aging
Effects of changes in connective tissue
Role of neural vs. muscular changes

Initiation of and response to infection

Common complications of patients

Wound healing and tissue repair

Tissue engineering .

Psychological, emotional, and cognitive aspects

gravity effects. Large numbers of gene sequences, or
batteries of known genes will be assayed in tissues
and organs for alterations in expression patterns under
microgravity.

One example is a gene involved in circadian rhythms.
Natural selection has favored in nearly all living
organisms circadian rhythmicity that persists with an
intrinsic period close to that of Earth’s rotation (Czeisler
et al., 1999). Clock genes, responsible for circadian
oscillations, have been identified in plants, insects, and
mammals (Tei et al.,, 1997). Circadian clocks are
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altered during spaceflight, and it will be straightforward
to test the function of a particular gene in regulating
circadian rhythms by determining the mRNA or protein
products produced under microgravity conditions. A
start in this direction has been achieved, and the
interaction of transcription factors with promoter se-
quences appears to be a major regulatory step in
response to microgravity (Moore, 1999, lkenaga et al.,
1998). We expect that it will soon be possible to
determine gravity effects on the expression of many
other specific genes.
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Table 3. NSF-sponsored program titled “Life in Extreme Environments”

Theme Research subjects
Microorganisms in extreme environments
Microbial Possible utility in biotechnology
systems Identification of unusual or unique chemical compounds
Paleobiological studies
Extreme Signifi ;
environments gnificant examples of extreme environments
on Earth Physical, chemical, biological, and geological processes
Formation of planets
Remote sensing
Planetary Interstellar grains and meteorites
environments  Interstellar and cometary chemistry
Origin of life
Biogeochemical effects
Methods to isolate and culture microbes
Methods and Methods to study microbes
capabilities for Technology for non-contaminating sample recovery
life in extreme Sensors and sensing techniques
environments  Methods to study ancient microbial life

Methods to study the potential for habitability

In concluding the first section of this review, we
restate the importance of considering unique constraints
surrounding life sciences in space: difficulty in distin-
guishing direct or indirect effects of microgravity, dif-
ficulty in identifying subtle effects, and expensive use
of the space station. However, rapid advances in mo-
dern molecular biology and biotechnologies should
facilitate identification of mechanisms underlying gravi-
perception.

Research Opportunities for Space Life Sciences in
the 21st Century

Space life sciences is one of the few research areas,
besides nano-technology, which receives funding from
three major agencies in the United States including
NASA, NIH, and NSF. Research projects among those
agencies are extremely diverse. They are also inter-
disciplinary and range from molecular dynamics in
nano-scale to a microbe evolution in interstellar space.
The program in NASA includes the study of diffusion-
limited metabolic processes, while NIH supports research
focusing on, for instance, a change in behavioral and
cognitive ability of astronauts. NSF emphasizes life in
extreme conditions as well as the origin of life. In this
section of our review, we describe current research
goals and scopes in the three U.S. federal agencies,
and suggest projects for the 21st century.

NASA-sponsored research opportunities

The major goals of NASA's Life Sciences Division are
to effectively use gravity and micro-gravity to enhance
our understanding of fundamental biological processes,
to develop the scientific and technological foundations
for a safe and productive human presence in space,
and to apply the knowledge and technology to improve
quality of life on Earth. The six specific aims of the
research announcement (NASA, 1999) were: (i) whe-
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ther and how the development of cells, systems and
organisms depends on gravitational force, (i) the role
of the genome and cellular structures in sensing and
responding to gravitational force, (i) how and for what
purposes different organisms in the animal and plant
kingdom sense and use gravity, (iv) how physical and
chemical forces interact to determine Dbiological
structure and function, (v) the possible role of gravity
in evolution, and (vi) the role of gravity in determining
how the structure, function, and interactions of space
and planetary ecosystems change over time. Possible
research subjects corresponding to this NASA’s an-
nouncement are summarized in Table 1.

NIH-sponsored research opportunities

The major objective of the NIH-sponsored research
opportunities titled “Earth-based Research relevant to
the Space Environment” is to stimulate basic, applied,
and clinical biomedical and behavioral ground-based
research that is relevant to human space flight or to
advancing our understanding of the effects of the
space environment on biological systems (NIH, 2000).
Potential areas of research include neuroscience, mu-
sculoskeletal biology, immunology, cardiovascular func-
tioning, integrative physiology, cognition and problem
solving under stress and isolation, pharmacokinetics,
drug metabolism and drug delivery, and the diagnosis
and treatment of diseases or injury by both ground
support and space flight crews. The specific research
areas are summarized in Table 2.

NSF-sponsored research opportunities

NSF recently announced research opportunities titled
“Life in Extreme Environments™ (NSF, 1999). According
to its program announcement, this interdisciplinary
research program will explore the relationships be-
tween microbial organisms and the environments within
which they exist, with a strong emphasis upon those
life-supporting environments that exist near the ex-
tremes of planetary conditions. In addition, the program
will explore planetary environments in our own solar
system and beyond to help identify possible sites for
life elsewhere. The program lists four themes such as
microbial systems, extreme environments on Earth,
planetary environments, and methods and capabilities
for life in extreme environments (Table 3).

Concluding remarks

Gravity has been attracting challenging scientists and
engineers to the interdisciplinary arena of life sciences
in space. Gravity induces unique stimuli to living
organisms. Recent advances in molecular and cellular
biology revealed a network of stress-responsive sig-
naling pathways such as mitogen-activated protein
kinase pathways (Garrington and Johnson, 1999). The
complete set of human genome data should facilitate



identifying key regulatory elements in bone loss and
muscle weakening of astronauts (Collins et al., 1998).
Searching for microbes in space is something that has
a potential to revolutionize our concept of life, and the
life sciences. Answering the question as to how gravity
contributes to unravel complexity of biological stress
responses is a worthy endeavor in the 21st century.
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