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DEDICATION

Life into Space is dedicated to Rodney Ballard, the former Assistant
Chief of the Space Life Sciences Payloads Office at Ames Research
Center and coeditor of this book, who died in August 1993. This
book would not have been started without his conviction that these
space life sciences accomplishments should be made readily avail-
able to the current and upcoming generation of scientists and
engineers. He believed strongly in the benefits of international
scientific cooperation, and was very pleased to have had a key role
in some of the processes described herein. The interviews with
several participants in these endeavors, included in this book, were
done primarily at his urging. He thought it important for the reader
to have a glimpse of some of the people and extraordinary challeng-
es associated with conduct of this research. All those who were
fortunate enough to know him will greatly miss the international
vision, steadfastness, goodwill and unabashed optimism he brought
to his endeavors on behalf of the Space Life Sciences Payloads
Office.

A quote from a recent essay captures much of Ballard’s legacy
to his colleagues at home and abroad:

In a chaotic world, friendship is the most elegant, the most
lasting way to be useful. We are, each of us, aliving testament
to our friends’ compassion and tolerance, humor and wisdom,
patience and grit. Friendship, not technology, is the only
thing capable of showing us the enormity of the world.

(Steven Dietz, notes from the director for the play “Jody’s Maps,”
January 1994.)
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PREFACE

Ames Research Center (ARC), along with other NASA centers,
supports life sciences research in Space using various living systems.
Among the centers, it is the only one with the comprehensive
facilities and expertise required to develop complex animal exper-
iments. ARC began developing space life sciences experiments in
the early 1960s and continues to actively support NASA’s life
sciences research program.

This book is the first compilation of the results of ARC’s space
life sciences research in a single volume. It profiles the background,
objectives, and methods for this research. There have been major
changes within NASA and ARC during the past 25 years, and in the
way this research is managed and conducted. There has been an
evolution from mission to mission toward internationalization at all
levels. The core of the book describes individual missions from
Gemini 3 in 1965 to STS-41 in 1990. The year 1990 was chosen as
the cutoff date because the results of missions completed after this
point had not yet been fully analyzed. The book provides top-level
overviews of mission objectives, payload and experiment develop-
ment, operations before, during, and after flight, and brief descrip-
tions of mission results.

One-page summaries of over 200 completed experiments and
the associated hardware items are provided in two major appendi-
ces. Publications for each experiment are listed in another appen-
dix. This information should be useful to three major groups: first,
NASA and contractor personnel who are responsible for experi-
ment and payload development; second, current and prospective
space life sciences investigators in universities, NASA centers,

industry, and the international space life sciences community;
third, members of the life sciences community that provide counsel
on the content, structure and future direction of NASA’s life
sciences program. We asked NASA investigators to review their
experiment results and associated publications so that our descrip-
tions are as accurate as possible. We also invited input from other
selected reviewers.

This book describes accomplishments by many scientists, engi-
neers and managers at ARC, the large university science communi-
ty that supports NASA life sciences research objectives, our many
international colleagues, and our aerospace industry hardware de-
velopment and support contractors. We are grateful for their con-
tributions. We appreciate all the people who produced the
facilities, equipment, experiments, and scientific results described
in this book and are proud to have been part of this effort.

Kenneth Souza, Chief

Robert Hogan, Deputy Chief

Rodney Ballard, Assistant Chief (deceased)
Space Life Sciences Payloads Office

Ames Research Center, 1995
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FOREWORD

Since the writing of this book began more than three years ago,
extraordinary changes have taken place in Eastern Europe. The
dramatic collapse of Communism in the former U.S.S.R. and the
parting of the Iron Curtain that divided Eastern and Western
Europe for over 40 years have transformed our view of the future.
Many of the consequences of these changes are still uncertain. It is
clear, however, that the references to the U.S.S.R. in this book are
outdated. Since the book was written from the perspective of 1990,
we have let this terminology and the description of the former
U.S.S.R. space agency stand.

It will be obvious, if perhaps surprising to some readers, that a
majority of the space flight experiments described in this book were
conducted on U.S.S.R. Cosmos biosatellites. The Cosmos Program
was especially important for obtaining regular access to space for
Ames Research Center during the 1980s after the Challenger
disaster. Following the August 1991 collapse of the U.S.S.R., the
tenth, and last, Cosmos mission in this series was launched in
December 1992 with several U.S. experiments onboard. The Rus-
sians (formerly the Soviets) worked hard against great odds to
conduct this mission as planned. The Russians are developing a
commercial, improved biosatellite for future use by the internation-
al space life sciences community. Significant interest in this plan has
been expressed by many space agencies, including NASA.

The major part of this book was produced directly from the
Space Life Sciences Payloads Office (SLSPO) Flight Experiments
Database (FED), which has been under development for about
fouryears. Itincludes descriptions of both developing and complet-

ed experiments along with hardware and publications information.
This book could not have been produced without the FED and is a
good example of what computers and software tools can accom-
plish. The FED has now become a part of the SLSPO Data
Archiving Project, a key element of the new NASA Headquarters
Life Sciences Data Archiving program. This program will provide
information similar to that in this book via an online database for
direct user access through the National Space Science Data Center
(NSSDC), Greenbelt, Maryland.

This book intentionally has no concluding chapter, since it
describes the results of ongoing research supported by the SLSPO
at Ames Research Center. Although the future can never be pro-
jected with much accuracy, it promises to be as varied as the pastin
terms of the types of space flight missions undertaken. In addition
to new biosatellites, new options on the Russian Mir space station,
longer-duration Space Shuttles, and the International Space Sta-
tion are being planned. Constrained funding has increased the
trend toward international cooperation among space agencies. This
trend was already accelerating due to the many advantages of
coordinated research. Worldwide, the private and public sectors
are collaborating more often to support space life sciences research
and development. This book should be a useful resource for those
prepared to participate in these opportunities.

Life into Space
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1 Introduction

Life sciences research has been conducted in space for several
decades. Initial U.S. efforts with biological payloads can be traced
to 1946, when a collection of fungal spores was launched from
Alamogordo, New Mexico, in a pioneering balloon flight. In the
early years of the space age, the aim of life sciences research was to
assess the ability of living organisms to survive space flight. Once it
became apparent that animals and humans could withstand expo-
sure to microgravity, cosmic radiation, and the rigors of launch and
re-entry, the focus of inquiry shifted to the biological changes that
occur during and after space flight.

A considerable body of knowledge has been gathered in this
field. From both the mission and science standpoints, future gener-
ations of researchers can benefit from the achievements and lessons
of the past only if the results are documented. This book is a record
of the space life sciences research supported by the NASA Ames
Research Center (ARC) Flight Experiments Program from 1965 to
1990. Life scientists and space industry personnel will find the book
avaluable resource for guiding future research efforts. Laymen and
students will also benefit from reading about the history of space life
sciences research.

For the purposes of this book, life sciences research is defined
as the study of biological and biomedical processes using live
specimens as experimental subjects. All experiments conducted by
or through the ARC, using microorganisms, cell cultures, plants,
and animals are discussed here. A few radiation studies that used no
biological materials are included because they accompanied the live
specimens and are relevant to life sciences research. The significant

research conducted by ARC in the areas of exobiology, life support,
and other fields related to space life sciences is not considered.
Studies undertaken by other NASA centers and experiments using
human subjects are also outside the scope of this book.

This first chapter of the book discusses the objectives of life
sciences research and the use of space as alaboratory. Although the
book is written from a U.S. perspective, the increasingly interna-
tional nature of space life sciences research is fully acknowledged.
Chapter 2 addresses the interaction between NASA and foreign
space agencies in implementing the ARC Flight Experiments
Program.

Chapter 3 briefly describes the challenging process of develop-
ing an experiment for space flight. The program and mission
descriptions in Chapter 4 comprise the major portion of the book.
Commentaries by pioneers in space life sciences have been added
when possible. Descriptions of ARC flight experiments are
included in Appendix 1. Appendix 2 lists selected publications
relating to these flight experiments. Appendix 3 contains descrip-
tions of all the major hardware items flown on ARC-developed
missions.

Life Sciences Research Objectives

Early space flight research was conducted simply to evaluate
the viability of living systems in the microgravity environment.
Later, researchers began to examine the changes that occur in such
systems in response to microgravity. Today, research is increasingly
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focused on attempts to understand the mechanisms for changes
observed, and to develop methods to counter those changes.

Space life sciences research has two general objectives. The
first is to study the effects of exposure to microgravity on bio-
logical systems to reduce the risks of manned space flight.
The second is to use the microgravity environment to broaden
scientific knowledge about the influence of gravity on living
systems.

In mentioning these objectives, the importance of ground-
based studies in simulated microgravity must not be forgotten.
Many of these, such as bed rest, water immersion, and suspension
studies were developed because it was difficult and costly to con-
duct research in space. Ground-based studies continue to provide
information that is extremely valuable in helping to design and
interpret experiments carried out in space.

Space as a Laboratory
The Space Environment

Where does space begin? It does not begin abruptly at an arbitrary
point above the surface of the Earth (Fig 1-1). Broadly speaking,
space can be said to begin just beyond the biosphere, which is the
part of the universe in which life can be sustained without artificial
support. The biosphere includes the land and sea masses of the
Earth (lithosphere and hydrosphere) and the mass of air (atmo-
sphere) above them. The atmosphere consists of a mixture of gases
held in place around the Earth by gravitational forces. The density

and pressure of the air declines as the distance from the Earth’s
surface increases. At an altitude of 12.20 km, no human can survive
without an artificial atmosphere comprised entirely of oxygen. At
an altitude of 18.29 km, a space suit or a pressure cabin becomes
absolutely necessary for survival. “Physiological space” can be said
to begin at this point. However, a finite atmospheric pressure of
54 mm Hg still exists.Itis only at an altitude of 80.5 km that pressure

Miles Kilometers

60,000 L. 97,000

10,000 L. 16,090 {4 - - - - — = — — — — — - - 0 — Outer Van Allen radiation belt
2000} 3218 {4-------—-—----- /7N _ inner Van Allen radiation belt
True space

435 700 b _______ (_—}

150 1 240 N d. _ - Low Earth Orbit

AR S B AR A, £~ O\ _ _Spacesuit essential
Physiological space
12 L 19
243 __J1___ [ NG Q- -100% Oxygen needed
0 1 0 760

Altitude Gravity Altitude Pressure (mmHg)

Figure 1-1: The transition from Earth’s atmosphere to space (Harding 1989).
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approaches zero, and not until an altitude of 700.35 km does a
vacuum exist. This point can be considered to be the beginning of
“true space.” Even at this distance, the Earth still exerts a consid-
erable gravitational attraction. It is theorized that no spacecraft
launched from the Earth would be entirely free of the gravitational
pull of the Earth until it was several million miles away. By then the
gravitational effects of other celestial bodies would begin to have an
effect. However, because an Earth-orbiting spacecraft isin “contin-
uous free-fall,” balanced by equal and opposite forces toward
(gravitational) and away from (centripetal) the Earth, it is exposed
to a very small force of gravity. The effective force of gravity may in
fact be reduced to up to one millionth of its value on Earth (thus the
term “microgravity”).

Life forms have adapted to the force of gravity on Earth through
millions of years of evolution. Gravity continuously acts upon living
systems from microorganisms to humans. It is likely that the near
absence of this force would evoke both acute and chronic changes
in most biological systems. Investigation of these changes is the
central theme of life sciences research in space.

The responses to microgravity thus far observed in animals and
humans fall into three main categories. First, functional neurophys-
iological changes are known to occur as a result of the modified
sensory input during space flight. Second, hormonal, humoral, and
autonomic adjustments take place in response to a headward fluid
shift. A third change occurs in the cardiovascular system and in

bone and muscle tissue because of the absence of gravitational
loading and the reduced necessity for physical activity in micro-
gravity.

Space flight also exposes crew and passengers of spacecraft to
radiation levels that are greater than either the background expo-
sure at the Earth’s surface or the occupational exposure for radia-
tion and health workers. The source may be charged particles,
neutrons, or ionizing photons. The risks of manned space flight can
be assessed only after an accurate dosimetric picture of the space
environment is available. Fluence, charge, velocity, specific
energy, and time course of dose deposition must all be considered
when predicting biological responses to radiation. Ground-based
studies alone cannot provide this information. Ground-based
studies rely on single sources of unidirectionally applied, monoen-
ergetic radiation species. Some of these radiation sources do not
exist or are insignificant in space. Shielding is usually not used in
ground-based studies; it is always present in space. Furthermore,
the potentially synergistic effects of microgravity and radiation
cannot be determined from ground-based studies.

If humans are to live in space for long periods in the not too
distant future, the physiological consequences of space flight must
be thoroughly evaluated. Countermeasures must be developed to
combat the detrimental effects of space flight to ensure health and
productivity in this alien environment. In addition, hardware must
be developed that is capable of providing adequate housing and life
support.
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The conditions of space flight, microgravity, and radiation
(exclusive of the acceleration, noise and vibration levels encoun-
tered at launch and re-entry) cannot be reliably duplicated in
ground-based simulations. Therefore, life sciences research ulti-
mately must be performed and hardware design and operations
must be verified in space.

We can increase our understanding of some fundamental bio-
logical processes by studying them in space as well as on the Earth.
For instance, studying calcium metabolism and bone mineral
depletion in space may provide insights into the clinical problems
of bone decalcification and osteoporosis. The study of cardio-
vascular responses to body fluid changes associated with weight-
lessness may be useful in understanding the causes of hypertension
and congestive heart failure. Likewise, the muscle deconditioning
that frequently accompanies prolonged bed rest may be better
understood by investigating similar changes in muscle structure
and function that occur in response to microgravity.

The conduct of life sciences research in space is subject to
numerous constraints. The high cost involved is a primary consid-
eration. The cooperative spirit that has emerged between coun-
tries, in place of the intense competition of the early space age, has
to some extent alleviated this problem. Joint space ventures
between countries are advantageous because technology,
resources, and scientific results can be shared.

Cost constraints also affect the choice of implementing
research programs versus research projects. In an uncharted

environment such as space, fruitful research can only be performed
after initial exploratory studies are conducted. In other words,
answers can only be sought after the correct questions are deter-
mined. Science objectives can, therefore, be better achieved
through research programs encompassing several missions, al-
though funding is often easier to obtain for research projects
carried out on single missions.

One of the most difficult problems that researchers face is the
fact that experiment technology frequently becomes outdated
during the long period required for developing a mission.
Preserving the flexibility to incorporate new technology is often
difficult, especially if the mission is complex. Flight hardware
designers have to finalize their plans several years before the
planned launch date to ensure that there will be adequate time to
fabricate and test the equipment.

Constraints influence not only the planning phase of a mission,
but also the flight phase. Science requirements for various experi-
ments must often be modified to meet mission requirements.
Unmanned missions using nonhuman subjects require the
development of fully automated life-support systems. Research on
manned missions needs to rely less on automated hardware, al-
though crew operations with animal subjects are usually very lim-
ited because of time constraints. At the same time, the complex
issue of biologically isolating the animal subjects from crew mem-
bers must be addressed.

Life into Space



Research Subjects

Although the ultimate objective of biomedical research in space is
to ensure the crew’s safety and well-being in the space environ-
ment, research using human subjects has serious limitations.
Experiment procedures required for gathering important physio-
logical data often cannot be implemented in humans for practical or
ethical reasons. Research variables like temperature, diet, light
cycle, activity, and stress cannot be easily controlled for humans.
Continuous physiological monitoring using implanted sensors is
not feasible. Crew members cannot usually be dedicated to specific
in-flight experimental goals because of operational considerations.
Data collected from crew members may be compromised by
countermeasures taken to combat microgravity effects such as
space sickness. Furthermore, crew members are rarely available for
the extensive preflight and postflight analyses that constitute an
important part of space flight studies.

For these reasons, nonhuman organisms often need to be used
as research subjects in the space life sciences. These organisms can
frequently be selected from a homogeneous population. Experi-
ments using such subjects are not constrained by operational
considerations. They can be allowed to adapt to the space environ-
ment without application of countermeasures. Environmental
variables can be strictly controlled in-flight as well as during
preflight and postflight ground-based studies. Measurements can
be made using invasive techniques, tissue samples can be obtained,
and drug testing can be carried out.

Various species of nonhuman subjects have been used in space
life sciences research (see Table 4-2, p. 30). The use of vertebrate
subjects, particularly mammals, is important because it is often
possible to extrapolate experimental results to humans. Rats and
primates are suitable experimental models for many studies. The
adaptive responses of these animals have been studied in a number
of biosatellite and Space Shuttle flights.

Non-mammalian vertebrates studied in space have included
amphibians and fish. Among invertebrates, insects have been
useful in experiments investigating the effects of microgravity and
cosmic radiation.

Several experiments have been conducted on plants in space,
including studies on germination and growth. Gravity plays a very
important role in plant growth on Earth, enabling shoots to grow
upward and roots to grow downward. Experiments conducted in
space indicate that microgravity influences plant physiology, devel-
opment, and metabolism. Research on the adaptation of plants to
microgravity is obviously important if humans are to attempt to
exist in space for long periods of time.

Lower organisms such as bacteria and fungi, as well as cell
cultures, have also been studied in space. These simple life forms
have enabled us to better understand biological processes that
cannot be readily investigated in the presence of terrestrial gravity.
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2 COOPERATION BETWEEN SPACE AGENCIES

This chapter describes the cooperative activities that ARC has
undertaken in conducting research in space life sciences. Interac-
tions between NASA and space agencies of other countries are
reviewed in the context of this research.

In the 1960s and 1970s, the struggle for national superior-
ity was one of the main forces driving the development of space
activities. In contrast, international cooperation is now an impor-
tant factor in many countries’ space agendas. In 1958, the United
Nations General Assembly created an ad hoc Committee on the
Peaceful Uses of Outer Space (COPUOS). The committee now
includes more than 50 member nations. The Scientific and Techni-
cal Subcommittee of COPUOS promotes scientific cooperation in
outer space and provides technical assistance to developing nations
in space—related matters.

Cooperation in space research benefits the international com-
munity in many ways. It allows scientific ideas, technical expertise,
and facilities to be exchanged, and enables costs to be shared. Life
scientists from around the world can collaborate effectively to solve
problems of mutual interest. In addition to these advantages, there
are political benefits to establishing cooperative enterprises.

National Aeronautics and Space
Administration

NASA was created in 1958 to provide a formal structure for Amer-
ican civilian space activities dedicated to the peaceful uses and
exploration of space. NASA now has several centers located around
the country. Activities connected with space life sciences research

are conducted primarily at four of these sites (Fig. 2-1). The Life
Sciences Division at NASA Headquarters is responsible for overall
program guidance and direction, and for integrating the activities of
the various NASA centers. ARC in Moffett Field, California,
Johnson Space Center (JSC) in Houston, Texas, and Kennedy
Space Center (KSC) in Cape Canaveral, Florida, are responsible for
implementing the life sciences research program. Activities at these
centers include development of program and mission objectives,
experiment selection, flight support, and data analysis.

JSC is concerned mainly with space biomedical research on
human subjects. Life sciences research using nonhuman experi-
mental subjects is conducted mostly at ARC. KSC carries out some
life sciences flight experiments using plant subjects. Marshall Space
Flight Center, together with KSC and JSC, also plays an important
role in ARC flight experiments by supporting many preflight and
postflight activities.

Ames Research Center

Although ARC was founded in 1939 as part of the National Advisory
Committee for Aeronautics (NACA), NASA’s predecessor, space
life sciences research did not become part of the ARC agenda until
1960. Early life sciences research at ARC was concerned mainly
with questions raised by preparations for the Apollo missions to the
moon. Interest was centered on the effects of radiation, isolation,
and changes in gravitational loading, and on crew life support
requirements during space flight. Studies were also conducted on
gastrointestinal function, tissue breakdown, and possible changes
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in the processes of reproduction, development and aging in the
space environment.

By late 1963, life sciences research was being conducted by four
groups at ARC. The Environmental Biology Division focused on
physiology, pathology, and radiobiology; the Biotechnology Divi-
sion on human performance and man-machine interactions; and
the Exobiology Division on biosynthesis and cell biology. The
fourth research group was the Biosatellite Project Office, which was
in charge of developing a series of unmanned biosatellite missions.

Ames Research Center
NASA Headquarters

Marshall Space Flight Center

Johnson Space Center
Kennedy Space Center

Figure 2-1: NASA facilities involved in life sciences research.

More resources became available for life sciences research
beginning in 1963. During that year, a Bioscience Laboratory was
built with an attached vivarium for housing animals. It was needed
to accommodate the several hundred macaque monkeys that were
expected to be maintained at ARC by 1965. These animals were to
be used as space flight candidates for the Biosatellite Project. The
facility supervisor was a veterinarian and a member of the National
Animal Care Panel, established to ensure the humane treatment of
experimental animals. The Laboratory had state-of-the-art surgery
facilities, a recovery room, isolation wards, stainless steel animal
cages, and steam sterilizing equipment.

A 20 g animal/human centrifuge became operational at ARC in
1964. It could simulate the stresses of spacecraft launch and re-
entry. In 1965 a four-story Life Sciences building was completed for
use in a wide range of research activities. Three long-duration
animal centrifuges were available for hypergravitational studies by
1968.

Three biosatellite missions were developed by the Biosatellite
Projects Office in the 1960s. The first mission, Biosatellite I, was
launched in 1966. Because of a hardware malfunction, it was never
recovered. Biosatellite II, launched in 1967, was a replicate of
Biosatellite I. It carried several biological specimens into orbit and
was successfully retrieved. Biosatellite IIT was launched in 1969,
carrying onboard a single monkey. The monkey’s untimely death,
shortly after the biosatellite landed, focused a good deal of negative
public attention on the Biosatellite research program. The contro-
versy generated by this mishap, and the absence of plans or funds
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for a follow-on project resulted in the dissolution of the Biosatellite
Projects Office in the early 1970s. It was replaced in 1977 by the
Life Sciences Flight Projects Office (LSFPO).

NASA began working on a concept for the Space Transportation
System (STS) in 1969. In 1973, the Europeans agreed to build the
Spacelab, an important element of the STS. In the mid-1970s, ARC
conducted two initial simulation studies in conjunction with Mar-
shall Space Flight Center and JSC. The objective of the studies
(termed Spacelab Concept Verification Tests) was to verify the
compatibility of life sciences flight experiments with the evolving
design of the STS/Spacelab. A range of experiment subjects, includ-
ing rats and rhesus monkeys, was used in the tests. Eventually, alife
sciences payload was developed, which included human experi-
ments from JSC. A seven- day flight simulation, termed the Shuttle
Mission Development Test (SMD III), was then carried out at J[SC
to test this payload. By the conclusion of SMD IIT in mid-1977, the
LSFPO had acquired its core staff and contractor support, and by
the early 1980s had evolved into the current ARC Space Life
Sciences Payloads Office (SLSPO).

In recent years, more resources have become available at ARC
for life sciences research. A Vestibular Research Facility, devel-
oped in 1986, can deliver precisely controlled rotational and linear
accelerations to animal subjects as large as young-adult macaques.
The original Bioscience Laboratory has been expanded into an
Animal Care Facility certified by the American Association for
Accreditation of Laboratory Animal Care. An associated Biomedi-

cal Research Facility constructed in 1988 integrates animal housing
and laboratories.

At the present time, life sciences activities at ARC are conduct-
ed within the Space Research Directorate. The Directorate com-
prises eight divisions and a staff of several hundred research
scientists and engineers. Besides flight studies, the Directorate
oversees ground-based research and new technology development.

Interagency Cooperation

NASA collaborates with other federal agencies and many universi-
ties in implementing its life sciences research program. Investiga-
tors from numerous academic and research institutions participate
in the program. NASA is also pursuing opportunities with the
National Institutes of Health (NIH) for joint biomedical and behav-
ioral research. For example, a NASA-NTH workshop was held in
1989 to assess the similarities between the aging process and
physiological deconditioning that occurs in space, and to discuss
joint research in these areas. In 1992, the two agencies signed a
memorandum of understanding that will enable them to carry out
joint studies on such diverse subjects as neurological disorders,
arthritis, and cancer. The Environmental Protection Agency is
working with NASA to study the effects of global warming on
aquatic systems NASA, the National Oceanic and Atmospheric
Administration, and Farleigh Dickinson University’s National Un-
dersea Research Center are studying crews living in the Aquarius
undersea habitat, as an analog to NASA’s planned space station.
NASA and the National Science Foundation are conducting joint
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basic scientific and technical research in the Antarctic. The studies
are expected to be applicable to developing a lunar base or a journey
to Mars. There are also anumber of joint projects in the life sciences
between NASA and the Department of Defense.

Through the years, NASA has established a vigorous program of
international cooperation to take full advantage of the limited
access to space. This program is important in achieving NASA’s
objectives in the space life sciences. Cooperative activities can be
initiated by a foreign agency asking to participate in a NASA
program or by NASA suggesting international cooperation in a
program. There are four types of agreements between NASA and
foreign countries. Executive or intergovernmental agreements
signed by officials of each government and processed by the U.S.
State Department are established for high-cost programs like
Spacelab. Other programs involve agency-level memoranda of un-
derstanding signed by the NASA administrator and his foreign
counterpart, with State Department concurrence. Letters ofagree—
ment signed by the NASA International Affairs Division and its
foreign counterpart can also be used for a wide range of programs.
Some informal projects may be carried out with simple verbal
agreements.

NASA is currently conducting joint research with several for-
eign space agencies, including the European Space Agency (ESA)
and those of the U.S.S.R./Russia, France, Germany, Canada, and
Japan. These activities are briefly described below.

U.S.S.R./Russia

Before its breakup in December 1991, the U.S.S.R. operated what
was probably the most active space program in the world. However,
its agenda was frequently shrouded in secrecy, probably due to a
lack of separation between military and civilian space activities.
Since the formation of the Russian Space Agencyin 1992, anumber
of changes have been made in space policy. Space activities have
become less prolific because of budgetary restrictions, but at the
same time, they have become more visible because of the need for
cooperation with other countries.

Before 1991, the Soviet Academy of Sciences played alead role
in U.S.S.R. civil space activity. The Intercosmos Council for Inter-
national Cooperation in the Study and Utilization of Space was
created by the Academy to develop cooperation with the Socialist
satellite countries, and later Western Europe and the U.S. The
Council was responsible for the initial international agreements in
space life sciences research. It coordinated the activities of the
Institute of Biomedical Problems in Moscow, which manages the
Cosmos biosatellite program.

The Institute of Space Research (IKI), a division of the Acade-
my, was also highly involved in international cooperative efforts.
The planetary studies laboratory at the Vernadsky Institute of
Geochemistry frequently collaborated with the IKI. The Glavkos-
mos agency was created to develop the commercial aspect of Soviet
Space activity.
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The restructuring of the former U.S.S.R. space program in 1992
has led to a separation of military and civilian activities, with the
Defense Ministry being responsible for the former and the Russian
Space Agency for the latter. Ten of the former states of the Soviet
Union may also jointly fund the civilian program.

There have been three areas of cooperation in the space life
sciences between the U.S. and U.S.S.R. The first was exchanging
data from flight experiments relating to the human response to
space flight. Soviet data on the effects of long-term space flight on
bone loss and cardiovascular deconditioning have been very useful
to American researchers, especially because there were no manned
U.S. flights during the period from the 1975 Apollo-Soyuz Test
Project to the first Shuttle mission in 1981. Second, joint ground-
based simulations of space flight conditions, such as long-term bed
rest studies, have been conducted. The third area of cooperation
was in basic biological and biomedical research. A joint U.S.-Soviet
three-volume publication on Space Biology and Medicine was
produced in 1975. A second edition is currently in preparation. Life
sciences investigations were performed jointly on the Apollo-Soyuz
mission. The U.S. also participated in the Cosmos series of biosat-
ellite missions, to gather important data and to exchange informa-
tion on problems of space biology.

An agreement for cooperation in space at the interagency level
was first generated in 1962, between NASA and the Soviet
Academy of Sciences. In 1971, a Science and Applications Agree-
ment was signed between the U.S. and U.S.S.R., paving the way for
joint studies in Space Biology and Medicine. This agreement was

reinstated in 1987. In 1974, the Soviets offered to fly U.S. experi-
ments on their Cosmos biosatellite for the first time. Since then, the
U.S. has taken part in eight Cosmos biosatellite missions. Seven of
these missions are described later in this volume.

Initial U.S. experiments on Cosmos consisted of “carry-on”
packages, which were for the most part functionally independent,
requiring no electrical power from the spacecraft. On later mis-
sions, U.S. experiments were carried out on rhesus monkeys and
rats housed in Soviet animal habitats. On these flights, U.S. battery-
powered instruments were integrated with Soviet spacecraft data
systems to record biomedical data.

In 1992, a new agreement was signed between the U.S. and
Russia to facilitate scientific and technological cooperation. A
commercial contract was also drawn up between NASA and the
Russian firm NPO Energiya. Through this contract, NASA will be
able to use Russian technology in future U.S. missions, including
the International Space Station.

The overall success of the U.S.-U.S.S.R./Russian collaboration
in the space life sciences is due to several factors. Focused science
objectives were important. The selection of complementary study
areas provided a stronger incentive for cooperation. Instrumenta-
tion used in the U.S.-U.S.S.R. missions was carefully reviewed to
avoid violating technology transfer regulations. A relatively
flexible institutional organization on both sides allowed plans to be
implemented in spite of a frequently difficult political environ-
ment. And finally, mutual confidence, knowledge, and goals have
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developed between working groups with continuity of members
over a long period of cooperation.

NASA plans to continue cooperative activities with the Russian
Space Agency. A cosmonaut will fly on the U.S. Space Shuttle in
the near future and a U.S. astronaut will spend some time on the
Russian Mir Space Station. Substantial Russian participation is also
expected on future U.S. missions, including docking the Space
Shuttle with the Mir.

The European Space Agency

The ESA was formed in 1975 by 11 Western European nations.
Member countries now number 13: Belgium, United Kingdom, Den-
mark, France, Ireland, Italy, The Netherlands, Spain, Sweden, Swit-
zerland, Germany, Austria, and Norway. Canada has a technical
agreement of cooperation with the agency. Headquartered in Paris,
ESA has major facilities in The Netherlands, Germany, and Italy. Its
principal objective is to achieve cooperation between member coun-
tries in developing space research and technology for peaceful purpos-
es. Members contribute to ESA’s general budget and mandatory
scientific programs according to their gross national products. Each
state also contributes voluntarily to optional ESA programs. A large
percentage of ESA’s budget is spent on financing contracts to Europe-
an companies for building launchers, satellites, and other space flight
hardware.

NASA has participated in numerous collaborative ventures with
ESA. A formal Joint Working Group in the life sciences was

established in 1986. The Spacelab was built under the auspices of
ESA for the U.S. STS. Personnel have been exchanged between the
two agencies. The ESA-built Biorack hardware was jointly used by
NASA and ESA on the NASA-sponsored International Micrograv-
ity Laboratory missions in 1992 and 1994. ESA is also expected to
be a major contributor to the International Space Station program,
and will be responsible for Columbus, a module that is to be
attached to Space Station. Germany and Italy have proposed using
Spacelab-derived hardware to form Columbus.

France

As the primary space power in Western Europe, France, together
with Germany, is the driving force behind the ESA. Before 1992,
the Soviet Union collaborated in more space activities with France
than with any other country. France was the third nation, after the
U.S. and the U.S.S.R., to achieve national launcher capability, and
now has significant capabilities in space manufacturing, Earth
observations and telecommunications satellites.

The French Centre des Recherches de Medicine Aéronautique
(CERMA) has existed, under different names, since the 1920s. Its
activities are concerned primarily with aeronautical medicine; it
investigates problems of physiology and medicine posed by the
airplanes of the French Air Force. Until 1964, CERMA’s space-
related research was carried out directly with military teams. In
1964, the French government created the Centre National
d’Etudes Spatiales (CNES) to study scientific and technical prob-
lems of a nonmilitary nature. From then on, CERMA experiments

12
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Claude Milhaud was trained as a veterinarian
and is a graduate in physiology, biochemistry and
psychophysiology. He is now a General in the
French Air Force.

He entered the arena of space life sciences
research in 1967, when he became involved in a
project at CERMA. A year later, he began to
study the pharmacology and toxicology of
substances that could keep human beings awake
for several days. He studied monkeys, looking at
how specific drugs affected their behavior and
physiology. In 1974, NASA came to Europe to
present the Shuttle Program and to solicit research
proposals. During the same time, ESA proposed
the construction of Spacelab. “We saw the value
of the rhesus monkey model,” says Milhaud, “so
we suggested studying a system for maintaining
monkeys in space.” Monkeys seemed to be good
human surrogates for space physiology
experiments. He recalls the failure in 1969 of the
American Biosatellite ITI mission. “We at CERMA
found it surprising. But this disappointment made
us more aware that the first priority of a space
flight experiment was to bring healthy animal
subjects back to Earth.”

Claude Milhaud

In 1975, CNES became interested in the
CERMA project, and asked the French aerospace
firm MATRA to preliminarily evaluate the
experiments. This very rudimentary study was
presented to the Congress of Aerospace Medicine
in Tel Aviv in 1975. At the Congress, a session
dedicated to space physiology was presided over
by Professor Nello Pace, a primate physiologist
from Berkeley, California. (See page 61.) Pace’s
interest was kindled by the presentation because
of his own experiments with macaques. He
invited the CERMA team to the U.S. to visit his
laboratory and ARC, and to build contacts for a
possible future collaboration between the U.S.
and France. “My colleagues and I made our first
trip to the U.S. in September 1976,” Milhaud
remembers. “That was the point at which the
cooperation began.”

From 1976 to 1980, Milhaud’s team began
developing a system that could be used for
pharmacology experiments and for studies on the
Space Shuttle. They used this system to conduct
research with 12 restrained monkeys maintained
in controlled environments. “We always kept in
mind dimensions and shapes compatible with the

Spacelab,” Milhaud says. “We had regular
contact with people from Ames and NASA
Headquarters. They used to stop in Paris
during frequent trips to the U.S.S.R. as
participants of the Cosmos Biosatellite
A CERMA delegation also
participated regularly in joint meetings with
NASA. Theideafor the French-U.S. Rhesus
Research Facility project crystallized slowly
through these meetings. Initially, the
contacts between the two countries were

Program.”

mostly personal ones, but in later years
relations have become more formal, and
resulted in a NASA-CNES cooperative
program focused on space research utilizing
rhesus monkeys.
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were controlled, progressively more rigorously, by CNES. Today,
CERMA is a contractor to CNES like many university laboratories.
CNES is responsible for all the space activities in France, and
particularly for those concerning physiology and medicine.

CNES is the largest national space agency in Europe. It pro-
vides a framework not only for the French national space program
but also for the French commitment to ESA. Although headquar-
tered in Paris, CNES has its principal engineering and technology
facility in Toulouse, and several other operating centers are located
nationwide, including Evry and Guyanais. It also maintains two
balloon-launching sites at Aire-sur-I’Adour and Gap Tallard. CNES
is accountable to the French government’s Ministry for Research
and Industry. In recent years, the agency has established several
companies and economic interest groups to commercialize space
activities.

It is through CNES that bilateral space programs developed
between France and other countries are managed. NASA has
collaborated with France in space science and technology for
several years. A Joint Working Group in life sciences was estab-
lished in 1985. The two agencies conducted joint investigations on
the International Microgravity Laboratory missions. A NASA-
CNES program to fly 2 rhesus monkeys within a jointly-
developed Rhesus Research Facility on a 16-day Space Shuttle
mission was under development. It was halted in 1994 due to the
absence of a manifested mission.

Germany

Until recently, the Deutsche Forschungs-und Versuchsanstalt fiir
Luft und Raumfahrt (DFVLR), the aeronautics research establish-
ment of West Germany, was the primary national agency involved
in space activities. In 1989, the Deutsche Agentur fiir Raumfahrt-
Angelegenheite (DARA), became the central management organi-
zation for German space activities. A state secretaries’ committee
on space chaired by the federal minister for research and technol-
ogy is responsible for defining goals and commissions for DARA.
The agency has the legal status of a private company with limited
liability, and is owned and financed by the federal government.
A cabinet committee on space chaired by the Chancellor provides
programmatic and budgetary guidelines for space policy.

DARA represents Germany at the international level and is
responsible for multilateral and bilateral agreements. It emphasiz-
es manned and microgravity programs. Germany has been involved
in the Columbus program and has had extensive manufacturing and
manned flight experience with the European-built Spacelab. It was,
in fact, the largest contributor to the Spacelab. The Spacelab D1
mission flown in November 1985 included a number of German-
sponsored life sciences experiments. Spacelab D1 represented the
first time that a foreign government leased an entire shuttle mission
from NASA. German scientists flew scientific experiments on the
1991 Spacelab Life Sciences-1 mission, IML-1, and again on the
Spacelab Life Sciences-2 mission in 1993. Another German payload
was flown on the Spacelab D2 mission in 1993. Coupling of
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studies carried out on Spacelab D2 and the Spacelab Life
Sciences-1 and -2 missions benefited both countries.

Japan

Several national organizations are involved in Japanese space ven-
tures. The Space Activities Commission was created in 1968 to
coordinate and administrate space activities. The Science and
Technology Agency provides the secretariat to the Commission,
and is responsible for planning policy, developing international
cooperation and promoting use of space. The Science and Technol-
ogy Agency also controls the National Space Development Agency
(NASDA), which was founded in 1969. NASDA is responsible for
practical applications in space. Besides developing satellites and
launchers, and launching, tracking and controlling satellites,
NASDA promotes scientific experimentation in space. The Nation-
al Space Laboratory is also linked to the Science and Technology
Agency, and undertakes fundamental research in the space scienc-
es. The University of Tokyo’s role in space sciences has now been
taken over by the Japanese Institute of Space and Astronautical
Science. This institute carries out research and development activ-
ities on scientific satellites and launchers. In addition, several
Japanese companies are constructing operational telecommunica-
tions satellites.

NASA established a Joint Life Sciences Working Group with Japan
in 1985. Japan is in the process of building a national manned space
program, using its experience in U.S. and international missions.
Japanese scientists are involved in the International Microgravity

Laboratory series of missions sponsored by NASA. The 1992
Spacelab-] mission was also a joint U.S.-Japan venture. Another impor-
tant Japanese contribution to the international space effort is the
Japanese Experiment Module, a pressurized microgravity facility that
will be attached to the planned the International Space Station.

Canada

The Canadian Space Agency was formed in 1989, drawing together
the space activities of the Ministry of State for Science and
Technology, the Department of Communications, the Department
of Energy, Mines and Resources, and the National Research Coun-
cil. The agency manages the civil space program, which includes the
development of space science and technology and the astronaut
program. Canada’s involvement in international space activities
arises through its associate membership in the ESA and its long
history of close collaboration with NASA.

Canada developed the Remote Manipulator System for the U.S.
Space Shuttle, making it the largest national contributor to the STS
outside the United States. Canadian experiments have been flown
on several Shuttle missions and some have included Canadian
scientists as crew members. Canada plans to provide a Mobile
Servicing Station for the International Space Station, which will be
critical for assembling, maintaining, and servicing the station.
Canada is also expected to participate in materials sciences and life
sciences research on the Space station.
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3 FLIGHT EXPERIMENT IMPLEMENTATION

Conducting a life sciences experiment on-
board a spacecraft can be a formidable task
(Fig. 3-1). Designing experiments, assem-

bling the necessary resources, building the
LEAD TIME TIDES
ESTABLISH LAB

appropriate hardware, conducting innu-
merable tests and coordinating experi-
ments with missions are time-consuming,
complex activities. The entire effort may
take from 2 to 10 years, depending on the
nature of the experiment and the mission | ¢ “Efai __2---
(Fig. 3-2). The need for ground-based con-
trol studies to verify the scientific validity
ofinflight data further complicates the pro-
cess.

The major activities involved in carry-
ing out an experiment in space are
described for two cases. The STS program
represents a situation where experiments
can be performed in manned spacecraft. In
such cases the experiment design, types
of animals, hardware used, and preflight
and postflight operations must be compat-
ible with crew safety requirements. The
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in an unmanned vehicle. In this case, ex-

periments are not constrained by crew Figure 3-1: The space life science researcher’s story from the U.S. Biosatellite era .

Institute of Biological Sciences, Experiment Survey Program, Biosciences, U.C. Berkeley,1968.
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safety standards, but they must rely on automated hardware be-
cause inflight crew manipulations are not possible.

Experiments on the Space Transportation System

Preparation of a payload for flight on the STS occurs at three levels:
experiment, payload, and mission (Fig. 3-3). Objectives, design,
and hardware requirements must first be developed for individual
experiments. All of the experiments must then be integrated into a

LIFE CYCLE OF A TYPICAL BIOSCIENCE
FLIGHT EXPERIMENT

OBSERVATION, THOUGHT,
STUDY g B

BASIC RESEARCH
EXPERIMENT DEFINITION _ | _ _ — — _ _ =
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Figure 3-2: Life cycle of a typical life science flight experiment from the U.S.
Biosatellite era. Adapted from American Institute of Biological Sciences,
Experiment Survey Program, Biosciences, U.C. Berkeley, 1968.

single payload which satisfies the requirements of each experi-
ment. Finally, this payload must be incorporated into a designated
mission. This means that the payload must accommodate the
constraints set on the mission by other payloads, by the design of
the spacecraft, and by crew safety and operation requirements.

NASA conducts at least three reviews at each preparatory
level. These are the Preliminary Requirements Review (PRR), the
Preliminary Design Review (PDR), and the Critical Design Re-
view (CDR). Through these reviews NASA maximizes the poten-
tial for implementing a successful life sciences experiment in
space. The three reviews within a level progressively refine the
experiment, payload, or mission. The results of the reviews from
one level are fed into the next level of development.

Experiment Development
Selection

NASA receives both solicited and unsolicited proposals for
flight experiments from researchers in various life sciences disci-
plines. NASA, or an external agency selected by NASA, evaluates
the scientific merit of each proposal through a peer review process.
ARC, JSC, or KSC determines the feasibility of conducting each
proposed experiment in space. They address engineering and
experiment development costs, management requirements, and
availability of NASA resources. NASA Headquarters then selects a
subset of feasible experiments. This is the candidate pool from
which experiments are finally chosen for definition.
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MISSION DEVELOPMENT

PAYLOAD DEVELOPMENT

— EXPERIMENT DEVELOPMENT
Three major factors are considered when assigning
EXPERIMENT SELECTION |

Proposals soliciied experiments to a particular mission. First, scientific yield
Peer review from different research areas has to be maximized. Second,
NASA evaluation there must be minimal interference between experiments.
Candidate poo Finally, maximum use must be made of common facilities,

- S HARDWARE sensor systems and data processing equipment.
Experiment PR DEVELOPMENT

[EXPERIMENT DEFINITION Hardware desig;|| Definition
Initial experiment design

Reqsul:;)eprgi?rz :Fuddailteesd fabrication after a contract or grantis negotiated between an investigator
and NASA. Several issues must be addressed to fully define

- Biocompatibility
<Exper|ment P}D testing an experiment (Table 3-1).
Experiment CDR Flik?ht r:fardware The science objectives of the experiment must be clearly
rication
Payload PRR abricato formulated and the feasibility of conducting the experiment

in space carefully evaluated. The resources required for
Payload P>DR developing the experiment must be available. Ground-based
System/subsystenl

Payload CDR testing operations necessary for conducting the flight experiment,

and supporting studies to assess experiment feasibility, must

Integration Readiness Review| s .
l 9 also be defined.
Mission Integration Readiness Revie Requirements are updated as the experiment undergoes

Prototype Detailed definition of experiment requirements begins

continuous refinement. Supporting studies are conducted to

Mission PRR . . . .
- provide baseline data for each experiment. Such studies are
Mission PDR initiated early because they affect the experiment’s overall

design. If the initial design does not receive NASA concur-

FLIGHT ‘m{o rence, new approaches are considered.

Figure 3-3: Preparation of a payload for a Space Shuttle mission.

* PRR: initial design formulated.

e PDR: design reviewed and hardware requirements incorporated.
e CDR: design finalized and building of flight hardware approved.
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Science Objectives

Hardware/ Data Requirements

Mission Constraints

Safety Considerations

Equipment/Science Verification Procedures

Operations

e Hypothesis
e Experiment Goal
* Research Subjects

¢ Housing for Research Subject
-provision of food and water
-suitable environment
-waste collection

e Measurements
-physiological

-environmental

Size of Payload

Weight of Payload

¢ Power Requirements of Payload
Thermal Issues

¢ Biological Isolation
¢ Flammability/Offgassing of Hardware

* Data Acquisition Capability of Hardware
* Biocompatibility of Hardware

¢ Feasibility and Value of Science

® Supporting Studies

¢ Crew Training

Preflight, In-flight, and Postflight Procedures
Ground Support Equipment

® Logistics

Table 3.1:

Issues addressed during development of a flight experiment.

Hardware Development

Hardware must be specially built or modified to suit the space
environment. Flight hardware is designed to meet stringent re-
quirements pertaining to safety, mass, mechanical operation, struc-
tural features, electrical power usage, computer interfaces, and
thermal properties. Safety standards must be verified and meticu-
lously recorded. In addition, all flight hardware must be tested to
verify that it can withstand the mechanical and acoustic vibrations
encountered during launch, the acceleration forces (up to 3.2 g)
during ascent into orbit, and the microgravity conditions in orbit.

Flight hardware includes equipment for housing the experi-
ment subjects and monitoring their health and general well-being.
Individual experiments sometimes require that special hardware be
designed and fabricated (experiment unique equipment
(EUE)), in addition to general purpose multi-user flight
hardware. Hardware prototypes are fabricated during the experi-
ment development phase. They must be compatible with the design
and safety requirements of the STS and be able to withstand the
stress of launch and re-entry. At the same time, appropriate system
interfaces are designed and procedures for instrument verification
developed. Prototype hardware designs are reviewed twice before
flight hardware is fabricated. Existing ground hardware is also
evaluated for potential transition to flight application at this time.

A formal review is conducted once the experiment and hard-
ware design is completed and formally defined. After acceptance at
this review, the experiment is ready to be incorporated into a

payload.
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Payload Development

Payload development is the process by which individual experi-
ments are combined into a cohesive package. It is analogous to and
frequently proceeds in parallel with the experiment development
process. The results from individual experiment and hardware
reviews provide input to the formal payload review processes.

Flight hardware is developed during this phase. Besides the
items that are actually flown on the Shuttle, this hardware includes
flight and ground data systems and special ground support equip-
ment, such as checkout equipment for interface verification and
functional tests. All flight hardware is subjected to verification
testing and formal reviews.

A payload must undergo testing at the subsystem and system
levels. Two main tests are conducted at the system level. The first
is a Biocompatibility Test, so called because it is used to assess the
compatibility of the hardware with the biological environment
(including research subjects). The second is the Experiment Veri-
fication Test (EVT), which uses a simulated mission timeline and
simulated flight conditions to verify the effective interaction of
experimental procedures, hardware, and personnel.

In addition, the readiness of the payload for integration into a
mission must be evaluated before it is shipped to KSC. Once it is
demonstrated that the mandatory verification procedures have
been performed, the payload is ready for physical integration into
the Spacelab or the Shuttle middeck at the launch site.

Training of flight and ground support personnel is an important
part of any space flight mission and is often conducted in specialized
facilities. These may be equipped with flight hardware mockups,
mathematical models, or payload simulators such as the Spacelab
simulators provided for crew training at [SC and Marshall Space
Flight Center (MSFC).

Payload Integration

Payload reviews generate results which provide input to the reviews
held at the mission level. All requirements from various payloads
must be combined to ensure mission success. During this period,
hardware is fitted into the spacecraft, mission support personnel
are acquired, and the crew is trained. The compatibility of the
payload with the STS and with other payload elements, and overall
system safety must be confirmed. Much of this activity takes place
at KSC. ARC’s involvement, and that of the investigators, is essen-
tial throughout this phase.

Investigator’s Role

The investigator plays an important role during the entire payload
development phase. Investigator Working Groups are established
during the experiment definition phase to coordinate the require-
ments of different experiments. Investigator input is critical when
evaluating the capability of the hardware to meet experiment
requirements, and during biocompatibility testing. The investiga-
tor must help train crew members to familiarize them with exper-
iment requirements and in-flight procedures. The investigator also

Flight Experiment Implementation
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assists in evaluating payload design in relation to the defined
experiment requirements and in reviewing payload integration and
checkout.

Science support facilities at ARC, KSC, MSFC, and JSC give
investigators access to in-flight data while the mission is in progress.
These facilities also enable investigators to communicate with crew
members during the mission.

Flight Phase

The flight phase begins at launch. Once the spacecraft reaches
orbit, crew members follow a minute by minute schedule to
accomplish the mission and experiment objectives. During these
operations, the crew can consult with investigators via two-way
voice communications, air-to—ground telemetry (data transmis-
sion), and television.

In-flight data is displayed simultaneously onboard and in the
Science Operations Area at the MSFC. This data can also be
transmitted to Test Monitoring Areas at ARC, JSC, KSC, and
remote laboratories.

Operations that take place on the ground during the flight phase are
as important as those that occur onboard the spacecraft. The Mission
Control Center at JSC is responsible for monitoring and providing
contingency support for orbiter payloads, two-way com-
munications with the crew and onboard systems, and transmitting
flight data to a central site. It also communicates with the Payload

Operations Control Center (POCC) for coordinating flight operations
between orbiter and Spacelab payloads. The POCC houses data
monitoring facilities and commands payload elements in the Space-
lab while maintaining communications with the Mission Control
Center and the crew.

Pre/Postflight Operations

Preflight studies are frequently conducted several months before the
mission to collect baseline data for flight experiments. Many
investigators also require preflight collection of biosamples or data.
During this period, investigators use laboratory facilities at various
NASA centers to prepare experimental subjects for flight and to take
preflight baseline measurements.

Special facilities are situated at launch and landing sites for
harvesting and processing biospecimens, and for preflight data
collection. For instance, the Life Sciences Support Facility at KSC
is used for preparing and analyzing nonhuman biospecimens. Avail-
able resources include common laboratory supplies and analytical
instruments, and animal maintenance facilities.

Experimental subjects are usually loaded into the Spacelab
about 30 hours before launch and may be removed from the
spacecraft as early as 3 hours after landing. Middeck payloads can
be loaded about 18 hours before launch. Data collection com-
mences at a facility situated at the landing site. Special arrange-
ments are made if the orbiter is forced to land at a secondary or
contingency site.
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Experiments on Cosmos Biosatellites

U.S. scientists have conducted many experiments within the Soviet
Cosmos biosatellite program. Experiments on the Cosmos biosatellite
differ from those carried out on the Space Shuttle mainly because of
one important factor. Since the biosatellite is unmanned, all in-flight
experimental operations must be automated, as must all spacecraft
subsystems and life support systems for experimental subjects. The
biological subjects cannot be directly observed, although video view-
ing is possible. Repair or manual regulation of the life support system
or the experiment hardware is not possible in flight, as are even the
simplest of experimental operations. An unmanned satellite, there-
fore, has special demands for quality and reliability, especially in the
equipment that provides automatic control and remote monitoring
during the course of the flight experiments. This need for automation
places some constraints on the types of experiments that can be
performed on the biosatellite. Additionally, extensive shock and
vibration testing needs to be carried out because of the impact of

landing.

There are, nevertheless, distinct advantages to using un-
manned vehicles for experimentation in space. The overall cost
per mission is considerably less than for a manned mission. A wider
range of materials can be used in hardware fabrication because
crew safety is not a consideration. For the same reason, experi-
ment design is more flexible. Missions can be terminated early if
necessary or extended to maximize science return without concern
for the requirements of the crew.

Experiment Development
Selection

Flight programs are developed by the U.S.S.R./Russia. The
forum for presenting these program scenarios is frequently at
meetings of the Joint Working Group for Space Biology and Med-
icine. At these yearly meetings, joint projects are discussed. Exper-
iment proposals are invited from the U.S. and other participating
countries. Once proposals are accepted and approved by Russian
specialists, plans are exchanged on the best means of imple-
menting the studies.

Definition

Experiments submitted by U.S. investigators are conducted
jointly with Russian counterparts. Tissue samples and data are
frequently shared between the two countries. In some cases, Rus-
sian and U.S. investigators perform complementary analyses of
flight data, thus enhancing the science of both countries.

A key document, the Experiment Management Plan, is pre-
pared for each experiment. This plan is a comprehensive summary
of the experiment objectives, data, equipment, and operational
requirements. It also outlines the agreements made between Rus-
sian and U.S. scientists with respect to data sharing and provision of
equipment. The document is regularly updated, providing a means
for recording the experiment’s evolution to a state of readiness for

flight.
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Hardware

On the first three Cosmos missions with U.S. participation,
most U.S. experiment hardware was in self-contained packages
during the flight. Life support for the experimental subjects
was provided mainly by the Soviet spacecraft environmental
control system. These packages were delivered to the U.S.S.R.
after flight qualification testing was performed in the U.S. The
packages were installed in the spacecraft, flown in Earth orbit, and
then returned to the U.S. Rodent and primate housing systems have
always been provided by the U.S.S.R. In recent years, hardware
development for the Cosmos experiments has become more of a
joint effort. From the time of the first primate mission, Cosmos
1514, the U.S. began to supply hardware that required integration
with Soviet equipment. On these later missions, U.S.-built hard-
ware was often used to obtain physiological data. Such collaboration
demanded joint verification testing and greater cooperation
between the two partners.

U.S. flight hardware is subjected to extensive testing to ascer-
tain that it can withstand launch, space flight, and the impact of
biosatellite landing. Although testing is thorough, documentation is
kept to a minimum.

Payload Development and Integration

Russia develops and integrates the payload. U.S. representatives are
in frequent contact with Russian specialists. Experimental tech-

niques are verified in the U.S. using animal subjects similar to the
Russian flight subjects. Training sessions and development of detailed
procedures are necessary since Russian and U.S. investigators collab-
orate closely in many of the preflight and postflight activities. Such
activities include sensor implantation, biosampling, tissue preserva-
tion, and other experiment operations.

Complicated logistics and differences in language and metho
dology sometimes hinder coordination of Russian and U.S. activ-
ities. A true cooperative spirit has been important in circumventing
these difficulties.

Investigator’s Role

U.S. investigators conducting experiments on the Cosmos biosatellite
are not typically involved in mission logistics. Researchers base their
experiments on the guidelines of the mission plan provided by the
Russians. Investigators conduct preflight testing to ensure the
suitability of techniques and hardware, which is essential to experiment
success. In some cases Russian personnel are trained to conduct
experimental procedures in the investigator’s absence. Investigators
frequently travel to Russia before the flight. Although they do not take
part in any launch or landing activities, they are able to perform
preflight/postflight testing on the flight animals during a certain win-
dow of time before launch and after recovery. Biosamples from exper-
iment subjects are processed by U.S. investigators either in Russia or
at their own laboratories.
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The Flight Phase

In the past, the launch of the biosatellite has been a closed event and
participation by foreign representatives has rarely been invited.

Flight duration is determined by the program of scientific
studies. While in orbit, the onboard systems of the satellite operate
in accordance with the flight program. Animals are allowed access
to food and water according to a specific schedule. An automatic
lighting system provides simulated day and night periods. Radio
telemetryis used to control the flight subjects’ environment and the
spacecraft systems. Russian ground stations track the path of the
biosatellite.

Pre/Postflight Operations

Preflight studies are conducted in the U.S. several months before
the launch. U.S. investigators conduct some limited preflight and
postflight operations, but in most cases Russian specialists handle
flight animals.

Unlike the Space Shuttle, the Cosmos biosatellite does not land
at a specific site. An automatic landing system controls the descent
of the biosatellite’s landing module. As the module moves through
the Earth’s atmosphere, a parachute system becomes operational,
which cushions the impact of landing. Radio direction finding
equipment is used to locate the biosatellite.

Once the biological subjects are recovered, immediate post-
flight operations are conducted in a temperature-controlled field

laboratory erected at the landing site. Primates are examined upon
recovery and then shipped to Moscow for testing.

Processing of other biospecimens begins three or four hours
after landing. Tissue samples requested by U.S. investigators are
preserved or frozen according to instructions, and later shipped to
the U.S. If required, postflight testing is performed after the
subjects have been transported to Moscow.
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4 Programs, Missions, and Payloads

Overview

Space life sciences experiments conducted between 1965 and 1990
are summarized in this chapter. Missions conducted before 1965
occurred before life sciences research had been established at a
specific NASA center. The post-1965 missions were developed by
ARC, and are the primary focus of this book. Each mission is
described in subsequent sections of this chapter.

Biological Payloads Before 1965

The first U.S. effort at sending biological payloads into space was
probably in late 1946, when a balloon flight was launched from
Alamogordo, New Mexico. The intent was to study the effect of
cosmic radiation in the upper Earth atmosphere on fungal spores.
The flight was unsuccessful because the spore containers were not
recovered. Another flight was made a year later, using fruit flies.
The payload was recovered successfully after attaining an alti-
tude of 170 km. No effects of cosmic radiation were noted. The
balloon flight program began to gain momentum around 1950.
More than 30 balloon flights were conducted between 1950 and
1954. Fruit flies, mice, hamsters, cats, dogs and rhesus monkeys
were flown to altitudes ranging from 27-30 km for durations of
up to 28 hours.

By this time, interest had also become focused on subor-
bital rocket flights. Rockets had been in evidence for many

V-2

years, but the solid fuel engines in use were not suitable for reaching
very high altitudes. The first liquid fuel engine to become opera-
tional was the V-2 rocket designed by the Germans. After World
War IT and the capture of German V-2 rockets, the U.S. began to use
vehicles of this type to study the ionosphere. Biological specimens
were used frequently on these flights to obtain information relating
to human survival in space. At least nine V-2 rockets were flown
between 1946 and 1948, with payloads containing seeds, fungal
spores, and fruit flies.

From 1948 to 1952, a series of eight vertical rocket flights was
launched to gather physiological data about the effects of suborbital
flight on monkeys and mice. A capsule capable of carrying a non-
human primate was constructed for the first flight in the series,

together with a system for telemetry of physiologic data. The
capsule housed an anesthetized rhesus monkey named “Albert”
within the nose cone of the rocket. The monkey was restrained in
an extended position, by means of nylon netting, in a specially
designed couch padded with sponge rubber. A thermocouple
located in a rubber face mask monitored respiration. Electrodes
in the leg and chest were used to record electrocardiograms. The
capsule was not recovered because the parachute failed to deploy
during descent. A second capsule with a rhesus monkey was
launched a year later, to an altitude of 133 km. The parachute
failed again during descent, and the recording equipment

rocket
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onboard indicated that the animal died on impact. The next two
flights each carried a cynomolgus monkey; neither animal was
recovered. An unanesthetized mouse was launched in 1950, on the
last V-2 flight in the series. The animal was photographed at
intervals throughout flight. Although the mouse died on impact, the
camera and film were recovered. Analysis of the recovered data
showed that the mouse oriented itself by using tactile and visual
cues during the brief period in microgravity.

By 1949, the U.S. had de-
veloped the Aerobee, a high-
altitude, fixed-fin stabilized,
free-flight rocket. The first
Aerobee flight with a biologic
payload was launched in
1951. The anesthetized cebus
monkey onboard was not re-

Macaca mulatta,
rhesus monkey

covered because of parachute
failure. Five months later, a
second Aerobee flight was
launched to an altitude of 71
km and the payload success-
fully recovered. The rocket

carried a single instrumented
monkey and 11
unanesthetized mice. Elec-

rhesus

trocardiogram, respiration,
and arterial and venous pres-

sure measurements were
performed on the mon-
key. Nine of the mice +6x
were used in a study of the
effects of cosmic radia-
tion. The two remaining
mice were flown inside a
special drum that rotated
about an axis transverse to
the long axis of the rocket.
One compartment of the
drum contained a laby-
rinthectomized mouse;

/

Gz

=

the other contained a nor-
mal mouse. The mice
had to climb over a smallpaddle located in each compartment and
their performance was photographically recorded. Interestingly,
the labyrinth-defective mouse performed well in the weightless
condition, while the normal animal displayed marked disorienta-
tion. The rhesus monkey died from heat exposure soon after
landing, because the recovery team reached the landed capsule
only after some delay. The last flight of the series, Aerobee 3, was
launched in 1952. Two cebus monkeys were flown, together with
two mice (one labyrinthectomized and one normal). The experi-
ment with the mice confirmed the results of the previous flight.
One of the monkeys was placed in a seated position to receive
exposure to +Gz (head to tail) acceleration, and the other in a
supine position to receive +Gx (chest to back) acceleration
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(Fig. 4-1). Both monkeys and mice survived the flight without
noticeable ill effects.

In mid-1958, a mouse named Wickie was sent into space in the

The same measurements were re-
corded from arhesus monkey, Abel, and
a squirrel monkey, Baker, flown on

Bioflicht 2 the following vear. Elec- ~ \
first flight of the “Mouse in Able” program. The biological capsule 5 &Y . ¢ N \
) . o o tromyogram data were also obtained. & Q W
was flown in the nose cone of a Thor-Able missile combination to . . A h
) ) ) ] Inserting the monkey capsules into the ~
experience a 20-minute period of weightlessness. The mouse was L

not recovered. A single mouse was flown on each of the next two
flights of the program. Because of conflicting
reports, it is not clear if these mice were recovered
safely . However, physiological data were
telemetered to the ground during the
flight period, and the mice did survive
re-entry into Earth’s atmosphere.

Later in 1958, Bioflight 1
launched an unanesthetized

squirrel monkey, named Old Re-
liable, in a Jupiter rocket. The
rocket attained an altitude of
about 480 km. Telemetered ¢
data on heart rate, heart @
sounds, body temperature, and
cabin temperature, pressure,

N

and radiation were obtained. A res-
piration rate sensor was installed
but did not function. The life sup-
port system functioned well. The

animal was not recovered.

A

Jupiter rocket

Pan troglodytes,
chimpanzee

Jupiter rocket proved to be a consider-
able challenge because the rocket’s

Saimiri sciureus, squirrel monkey

not

nose
designed to accommodate a biological payload of this
size. Abel had to be installed in the nose cone three
days before launch. During the time on the launch
pad, he was fed intraperitoneally; wastes were al-

cone was

lowed to accumulate in diapers. An attempt was
made, for the first time, to collect data on perfor-
mance parameters during flight. Abel was trained to
tap a switch when a red light flashed in the capsule.
Unfortunately, data from the performance test sys-
tem was lost before takeoff. The capsule was success-
fully recovered. Abel died five days after the flight
during anesthesia for electrocardiogram implant re-
moval, but Baker survived.
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About a week after the Bioflight 2, four mice
were launched in a Discoverer 3 satellite in the first
U.S. attempt to orbit a biological payload. The
satellite failed to achieve orbit, and the payload was
never recovered.

In 1959 a rhesus monkey, Sam, was sent to an
altitude of 84 km in a Little Joe solid fuel launch
vehicle. Performance tests were conducted and
results successfully recorded. The flight was
repeated in 1960, with another monkey named
Miss Sam. Equipment for the manned Project
Mercury was verified on the two flights. Both
flights were successfully recovered. A fungus ex-
periment launched on a Nuclear Emulsion Recov-
ery Vehicle (NERV) capsule in 1960 was also
recovered.

Important information on radiation was gathered
during a 1960 flight that carried three mice to an
altitude of 650 km. An Atlas RZX-2A missile was
employed to boost the animal capsule. Orbit was not
achieved, but the capsule did pass through the inner
Van Allen belt (a high radiation zone encircling the
Earth). No adverse effects of radiation were noted in
the animals after recovery.

Before man attempted orbital flight, primates
were used to gauge survivability during space

Mission Payload

Gemini 3/Sea Urchin Experiment
Gemini 8/Frog Egg Package
Gemini 12/Frog Egg Package
Biosatellite I/Experiments capsule
Biosatellite II/Experiments capsule

Biosatellite ITI/Primate Experiments capsule

OFO-A/FOEP
Apollo 17/BIOCORE
Skylab/CPE

Cosmos 782/Bion 3
Cosmos 936/Bion 4
Cosmos 1129 /Bion 5
STS-3/0SS-1

STS-8 /SSTP

Cosmos 1514/Bion 6
STS-10/SSIP
STS-51B/Spacelab 3
Cosmos 1667/Bion 7
STS-51F/Spacelab 2
Cosmos 1887/Bion 8§
STS-29/SSTP
Cosmos 2044/Bion 9
STS-34/GHCD-01
STS-32/CNCR
STS-41/PSE-01

Spacecraft/Launcher
Gemini/Titan 2
Gemini/Titan 2
Gemini/Titan 2
Biosatellite/Thor Delta
Biosatellite /Thor Delta
Biosatellite/Thor Delta
OFO /Scout
Apollo/Saturn V

Saturn V/IB

Vostok (mod)/Cosmos C
Vostok (mod)/Cosmos C
Vostok (mod)/Cosmos C
Columbia/STS
Challenger/STS
Vostok(mod)/Cosmos C
Challenger/STS
Challenger/STS
Vostok(mod)/Cosmos C
Discovery/STS
Vostok(mod)/Cosmos C
Discovery/STS
Vostok(mod)/Cosmos C
Atlantis/STS
Columbia/STS
Discovery/STS

Launch Data
03/23/65
03/16/66
11/11/66
12/14/66
09/07/67
06/28/69
11/09/70
12/17/72
07/28/73
11/25/75
08/03/77
09/25/79
03/22/82
08/30/83
12/14/83
02/03/84
04/28/85
07/10/85
07/29/85
09/29/87
03/13/89
09/15/89
10/18/89
01/10/90
10/01/90

Table 4-1: Mission directory.
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Gemini Biosatellite

Figure 4-2: Flight experiments timeline.

Orbiting Flight Otolith (OFO)

Organisms Flown

Vertebrates: Adults or juveniles
Rat (Rattus norvegicus)

Rhesus monkey (Macaca mulatta)

Pigtailed monkey (Macaca nemestrina)
Squirrel monkey (Saimiri sciureus)

Pocket mouse (Perognathus longimembris)
Bullfrog (Rana catesbeiana)

Vertebrates: Embryonic forms
Frog (Rana pipiens) eggs

Walbaum fish (Fundulus heteroclitus) roe
Rat (Rattus norvegicus) fetus

Japanese quail (Coturnix coturnix) eggs
Invertebrates: Adults or juveniles

Fruit fly (Drosophila melanogaster)

Parasitic wasp (Habrobracon juglandis)

Mission/Payload

Cosmos 782, 936, 1129, 1514,
1887, 2044; STS-8, STS-10
STS-51B, STS-29, STS-41
Cosmos 1514, 1667, 1887,
2044

Biosatellite IIT

STS-51B

Apollo 17, Skylab 3

OFO-A

Gemini 8§, Gemini 12,
Biosatellite I,IT

Cosmos 782
Cosmos 1514
Cosmos 1129

Biosatellite I,1I,
Cosmos 782, 936
Biosatellite I,IT

1965 1966 1967 1968 1969 1970 1971 1972 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982 1983 1984 1985 1986 1987 1988 1989 1990

3 5 §ib sic)
=

S51F

Skylab

Apollo

Cosmos

= N

Shuttle

Organisms Flown

Invertebrates: Embryonic forms

Fruit fly (Drosophila melanogaster) larvae
Flour beetle (Tribolium confusum) pupae
Sea urchin (Arbacia punctulata) eggs

Plants

Pepper (Capsicum annuum) plant
Flowering (Tradescantia) plant

Wheat (Triticum vulgare) seedling
Carrot (Daucus carota) tissue and/or cell
Pine (Pinus elliotti) seedling

Oat (Avena sativa) seedlings

Mung bean (Vigna radiata) seedling
Corn (Zea mays) seedling

Unicellular forms

Amoeba (Pelomyxa carolinensis)
Slime mold (Neurospora crassa)
Bacteria (Salmonella typhimurium)
Bacteria (Escherichia coli)

Mission/Payload

Biosatellite I,II, Skylab 3
Biosatellite I,IT

Gemini 3

Biosatellite I,IT
Biosatellite I,IT
Biosatellite I,IT
Cosmos 782, 1129
STS-3, STS-51F
STS-3, STS-51F
STS-3, STS-51F
STS-34

Biosatellite I,IT
Biosatellite I,II, STS-32
Biosatellite I,IT
Biosatellite I,IT

Table 4-2: Organisms used in NASA Ames Research Center flight experiments.
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flight. A chimpanzee, Ham, was sent into space in a Mercury
capsule powered by a Red Stone booster before Commander Alan
Sheppard’s historic ballistic space flight in 1961. The capsule
reached an altitude of 250 km over a range of 662 km. Electrocar-
diogram, respiratory waveform, and rectal temperature were re-
corded from the chimpanzee. Data was also collected on the
performance of discrete and continuous avoidance tasks. The flight
was important in demonstrating that a primate closely related to
man could survive and perform critical tasks in space.

During the same year, an animal once again paved the way for
man, when a male chimpanzee named Enos preceded astronaut
John Glenn in orbital flight. The animal flew in a Mercury capsule
powered by an Atlas missile, and spent a total of 183 minutes in a
weightless environment. Electrocardiogram, body temperature,
respiration, and psychomotor tests were monitored as in previous
flights. A catheter was used to collect urine produced during the
flight, and the animal was diapered for feces collection. Arterial and
venous blood pressure was recorded via intravascular catheters.
Blood pressure was shown to be high, probably because of the stress
associated with instrumentation and flight.

The two chimpanzee flights verified the adequacy of the cap-
sule environment control system for subsequent use on manned
flights. The recoverability of the vehicles and the absence of ad-
verse physiological reactions from short-term weightlessness were
also demonstrated.

From 1960 to 1961, effects of microgravity and radiation were
studied in human serum, rabbit antisera, plant seeds, viruses,
bacteria and tissue cultures flown on the Discoverer satellites
XVII, XVIII, and XXXII.

Payloads Since 1965

Twenty-five missions were developed by ARC between 1965 and
1990, using 25 different species (Tables 4-1 and 4-2). Each
mission is described separately in the subsequent sections of this
chapter.

Additional Reading

Beischer, D.E. and A.R. Fregly. Animals and Man in Space:
Chronology and Annotated Bibliography Through 1960. ONR
Report ACR-64, USNSAM Monograph 5, Office of Naval
Research, Department of the Navy, Washington, D.C., 1961.

Bonting, S.L., ].S. Kishiyama, and R.D. Arno. Facilities for Animal
Research in Space. Advances in Space Biology and Medicine,
vol. 1, 1991, pp. 279-325.

Gurkin, L.W. The NASA Sounding Rocket Program and Space
Sciences. American Society for Gravitational and Space
Biology Bulletin, vol. 6, no.1, October 1992, pp. 113-120.

Simmonds, R.C. and G.H. Bourne, eds. The Use of Nonhuman
Primates in Space. NASA CP-005, 1977.
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Symposium on the Biosatellite II Experiments; Preliminary Re-
sults. Bioscience, vol. 18, no. 6, June 1968, pp. 537-661.

Young, R.S. Experimental Biology in Space. E. Stuhlinger, et al.
eds. Aeronautical Engineering and Science, McGraw-Hill,
1963.
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Gemini Program
Program Overview

The one-man Mercury spacecraft that
were launched between 1961 and 1963
did not provide sufficient space flight
experience for the great endeavor that
was to be the Apollo program. It was
within the Gemini program that a large
part of this experience was gained. The
Gemini program’s primary objective
was to demonstrate long duration flight,
orbital maneuvers, guided spacecraft
re-entry, and space rendezvous and
docking. The success of the Apollo
program’s lunar landing objectives de-
pended on mastery of these techniques.

The first two Gemini missions were
unmanned tests of spacecraft systems.
During a 20-month period between 1965
and 1966, 10 manned missions were
flown, each with a crew of 2 men. During
the last five missions, the Gemini space-
craft met up with Agena rockets that were
placed in orbit as docking targets. The
need to rendezvous with orbiting targets
meant that launch windows were fre-

‘_ _ (a)

I

Titan 2

Figure 4-3: Launch and recovery of Gemini missions;

(a) Gemini capsule .
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quently very short. Because of this constraint, the efficiency of ground
operations improved dramatically during the Gemini era.

The Spacecraft

Although it was based on Mercury technology, the Gemini
spacecraft required relatively sophisticated maneuvering
capabilities because they had to dock with a rocket in orbit.
Onboard computers were needed for the same reason.

The 3.6 ton spacecraft was shaped like a truncated cone. Unfor-
tunately, the crew capsule was quite cramped because there was only
50 percent more cabin space than in the Mercury capsule, for twice
the number of crew members. Emergency crew ejection seats re-
placed the escape rocket tower that had been part of the Mercury
spacecraft. The compartments containing fuel, water, and oxygen
were designed to separate from the crew capsule before landing.

Small rocket engines were used to change the orbital path, and
radar allowed the spacecraft to rendezvous with orbiting rockets.
A fuel cell provided the electricity needed during long duration
flights.

A large number of science experiments were carried out on
the Gemini spacecraft. Three of these were life sciences investi-
gations developed by ARC.

Ad(ditional Reading

Gatland, K. The Illustrated Encyclopedia of Space Technology.
Orion Books, 1989.

NASA. Space Flight: The First 30 Years. NASA NP-150, 1991.

Rycroft, M., ed. The Cambridge Encyclopedia of Space. Cam-
bridge University Press, 1990.

Turnill, R., ed. Jane’s Spaceflight Directory, 1986. Jane’s Publish-
ing Inc., London, 1986.

Wilson, A., ed. Interavia Space Directory, 1991-92. Jane’s Infor-
mation Group, Alexandria, Va. 1991.
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MISSION PROFILE: Gemini 3

Mission Duration: 5 hours
Date: March 23, 1965

Life Sciences Research Objectives

To study the effect of microgravity on embryonic
development

Life Sciences Investigations  [p. 179]

Cell/Developmental Biology (G3-1)
Organisms Studied

Arbacia punctulata (sea urchin) eggs
Flight Hardware  [pp. 550-551]

Sea Urchin Egg Package
Publications [p. 395]

Gemini 3

The Gemini 3 spacecraft was launched on March 23, 1965. Its
commander nicknamed it “Molly Brown™ after the Broadway hit
“The Unsinkable Molly Brown.” The mission was the first manned
flight in the Gemini Program. The primary task of the two crew
members was to test the new spacecraft’s maneuverability. Chang-
ing orbital paths had not been possible in spacecraft used in earlier

orbital flights.

Three orbits were completed before the Gemini 3 mission was
terminated. Although the spacecraft had been designed for a pre-
cision landing, splashdown occurred some 80 km away from the
targeted landing site.

ARC flew one life sciences experiment on the mission, which
was unsuccessful because of a hardware failure.

Life Sciences Objectives

The objective of the life sciences experiment was to investigate the
effects of microgravity on fertilization, cell division, differentiation,
and growth in a simple biological system.

Life Sciences Payload
Organisms

The experimental specimens were eggs of the sea urchin Arbacia
punctulata.
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Hardware

Eggs were flown in eight specimen chambers. Each chamber was
divided into three compartments, containing either sperm, ova, or
fixative. Eggs could be fertilized, or fertilized eggs could be fixed,
when the contents of the compartments were mixed by manually
rotating a handle.

A ground control experiment was carried out in eight identical
chambers, following the same procedures as in flight.

Operations

Eggs in four of the flight chambers were fertilized just before
launch. The crew members were to fertilize the eggs in the other
four chambers shortly after the spacecraft was inserted into orbit.
The fixative in the third compartment of each chamber was to be
added to the fertilized eggs at five different times during the
flight. This would enable the development of the sea urchin
embryos to be arrested at specific stages. Cabin temperature and
time were to be recorded each time a crew member manipulated
the experimental package.

Unfortunately, the handle on the hardware unit that activated
either fertilization or fixation broke before any of the in-flight oper-
ations could be carried out. Toxicity of hardware materials may also
have been a problem.

Results

The objectives of the experiment were not achieved because of the
hardware malfunction.

Additional Reading

Anderson, M., J.A. Rummel, and S. Deutsch. BIOSPEX,
Biological Space Experiments: A Compendium of Life
Sciences Experiments Carried on U.S. Spacecraft. NASA TM-
58217, June 1979.

Zeitler, E.O. and T.G. Rogers. The Gemini Program: Biomedical
Sciences Experiments Summary. NASA TM-X-58074,
September 1971.
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MISSION PROFILE: Gemini 8

Mission Duration: 11 hours
Date: March 16, 1966
Life Sciences Research Objectives

To study development in fertilized frog egg
Life Sciences Investigations  [p. 180]

Cell/Developmental Biology (GS-1)
Organisms Studied

Rana pipiens (frog) eggs
Flight Hardware [pp. 538-539]

Rana (frog) Egg Package
Publications [p. 395 ]

Gemini 8

The eighth flight in the Gemini series of missions was launched on
March 16, 1966. A stuck thruster on the spacecraft necessitated an
emergency return to Earth alittle more than 10 hours after launch.

The first orbital docking in the history of space flight was
achieved on the mission, when the Gemini 8 spacecraft docked with
a pre-launched Agena rocket.

The scientific payload on the spacecraftincluded an experiment
using frog eggs.
Life Sciences Objectives

The objective of the experiment was to study the effects of micro-
gravity on development in a gravity-oriented biological system.

Life Sciences Payload
Organisms

Fertilized eggs of the bullfrog Rana pipiens were used in the
experiment.

Hardware

There were two experiment packages mounted on the sill
structures of the spacecraft hatch. Each package contained four
two-celled chambers. One cell in each chamber had five frog eggs
in spring water, the other cell had a formalin fixative. Each exper-
iment package included a handle that could be manipulated to allow
fixative to flow into the egg compartments. Activating fixation at
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different times during the flight would allow eggs to be preserved
at various stages of development. The packages also had tempera-
ture control systems that maintained the temperature between
66°F and 74°F during the flight.

Operations

Two ground control studies were performed. One was carried out
at the same time as the flight experiment. Actual flight tempera-
tures were duplicated in the other ground control study, which was
begun two hours after launch. The delay was necessary because
flight temperatures could not be continuously telemetered to the
ground.

Ovulation was induced in several female frogs by injecting them
with frog pituitary gland extract about two days before launch.
Selected eggs were fertilized with a sperm suspension and kept at
6°C in the experiment packages until launch.

A crew member activated egg fixation in one of the chambers 40
minutes after launch, and in another 15 minutes later. Eggs in two
chambers were to be fixed 130 minutes after launch, and in two
others shortly before re-entry. These procedures could not be
completed because an emergency landing had to be made.

Results

No conclusive results were obtained because the mission had to be
terminated prematurely. Only embryos arrested at an early devel-
opmental stage were obtained; these were normal. Thus, a gravita-
tional field did not appear to be necessary for eggs to divide

normally. However, it should be noted that fertilization occurred on
the ground, and that the eggs were exposed to microgravity only
after the two-cell stage. Ground-based studies have shown that this
stage is critical to normal development.

Additional Reading

Anderson, M, J.A. Rummel, and S. Deutsch. BIOSPEX, Biolog-
ical Space Experiments: A Compendium of Life Sciences
Experiments Carried on U.S. Spacecraft. NASA TM-58217,
June 1979.

Grimwood, .M., B.C. Hacker, and R.]. Vorzimer. Project Gem-
ini Technology and Operations: A Chronology. NASA His-
torical Series, NASA SP-4002, 1969.

Hacker, B.C. On the Shoulders of Titans: A History of Project
Gemini. NASA SP-4203, 1977.

NASA. Spaceflight: The First 30 Years. NASA NP-150, December
1991.

Young, R.S. Gravity and Embryonic Development. Life Sciences and
Space Research X1V, Akademie-Verlag, Berlin, 1976, pp. 69-75.

Young, R.S. and ].W. Tremor. Weightlessness and the Developing
Frog Egg. Life Sciences and Space Research VI. North Holland
Publishing Company, Amsterdam, 1968, pp. 87-93.

Zeitler, E.O. and T.G. Rogers. The Gemini Program Biomedical
Sciences Experiments Summary. NASA TM-X-58074, Septem-
ber 1971.
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MISSION PROFILE: Gemini 12

Mission Duration: 4 days
Date: November 11-15, 1966
Life Sciences Research Objectives

To study development in fertilized frog eggs
Life Sciences Investigations  [p.181]

Cell/Developmental Biology (G12-1)
Organisms Studied

Rana pipiens (frog) eggs
Flight Hardware [pp.538-539]

Rana (frog) Experiment Package
Publications [pp.395-396]

Gemini 12

The four-day Gemini 12 mission was launched on November 11,
1966. Only one biological experiment was performed onboard the
spacecraft. It was a reflight of an experiment that had flown on the
Gemini 8 mission. The results of the Gemini 8 experiment were
inconclusive because the mission had to be terminated
prematurely.

Life Sciences Objectives

The objective of the experiment was to study the effect of micro-
gravity on developmental processes.

Life Sciences Payload
Organisms
Eggs of the bullfrog Rana pipiens were used in the experiment.
Hardware

The hardware used was identical to that used in the experiment
on Gemini 8, except that there was only one unit on this mission.
The unit was mounted on the pilot’s hatch.

Operations

Control studies and preflight procedures were similar to those
performed for the Gemini 8 experiment.

Fixative was released into individual egg chambers 40 minutes
and 130 minutes after launch. Eggs in a third chamber were fixed
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shortly before re-entry. The eggs in the fourth chamber were left
alive for comparison with the fixed specimens.

The experiment equipment and specimens were removed from the
spacecraft shortly after recovery.

Results

Development was normal, indicating that a gravitational field was not
necessary for eggs to divide normally or to develop at later stages.
However, as in the Gemini 8 mission, the eggs were fertilized on the
ground and exposure to microgravity occurred only after the two-cell
stage, which is thought to be critical for normal development.

Additional Reading

Anderson, M., J.A. Rummel, and S. Deutsch. BIOSPEX, Biological
Space Experiments: A Compendium of Life Sciences Experi-
ments Carried on U.S. Spacecraft. NASA TM-58217, June 1979.

Grimwood, J.M., B.C. Hacker, and P.]J. Vorzimer. Project Gemini
Technology and Operations: A Chronology. NASA Historical
Series, NASA SP-4002, 1969.

Hacker, B.C. On the Shoulders of Titans: A History of Project
Gemini. NASA SP-4203, 1977.

NASA. Spaceflight: The First 30 Years. NASA NP-150, December
1991.

Young, R.S. Gravity and Embryonic Development. Life Sciences and
Space Research X1V, Akademie-Verlag, Berlin, 1976, pp. 69-75.

Young, R.S. and ].W. Tremor. Weightlessness and the Developing
Frog Egg. Life Sciences and Space Research VI. North Holland
Publishing Company, Amsterdam, 1968, pp. 87-93.

Zeitler, E.O. and T.G. Rogers. The Gemini Program Biomedical
Sciences Experiments Summary. NASA TM-X-58074, Sep-
tember 1971.
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U.S. Biosatellite Program

The Biosatellite program was the first major effort by the U.S. to
exploit Earth-orbital missions to study basic biological processes in
space. Biological experiments had been previously flown somewhat
informally on balloons and orbiting vehicles designed for other
purposes. Since controls were usually inadequate on these flights,
it was difficult to specify causes for effects observed in biological
specimens after space flight. It was only with the advent of this
program that missions devoted exclusively to carefully controlled
biological experimentation were launched in unmanned Earth-
orbiting spacecraft.

Program Overview

When the Biosatellite program was first initiated, NASA received
more than 200 proposals for experiments to be conducted on the
spacecraft. Thirteen of these experiments were selected for the first
flight. The intention was to study the broadest range of space flight
effects on biological systems. Three missions were originally pro-
posed, with flight durations of 3, 21, and 30 days. Because the first
mission (Biosatellite I) was unsuccessful, a second three-day mis-
sion (Biosatellite IT) was flown with replicas of the experiments
onboard Biosatellite I. A 21-day rodent mission was never devel-
oped because of growing project costs. The third and final mission
in the series, Biosatellite ITI, was planned as a 30-day primate flight.

Implementing the Biosatellite program required enormous
resources for hardware and experiment development, operations,
planning and management. For instance, some 1400 individuals

(a)-

D

o

Launch .
Recovery

om-A>»-H0| om-+4—-zc

Two-stage
Thor Delta
launcher

Figure 4-4: Launch and recovery of Biosatellite missions; (a) Biosatellite
capsule.

cooperated in the complex Biosatellite IT mission: 20 scientists and
120 technicians from universities, industry, and government labo-
ratories participated directly in the mission; 770 contractor person-
nel were involved in designing, fabricating, and testing equipment
and supporting flight operations; 180 foreign nationals helped to
track the biosatellite; more than 200 Navy and Air Force personnel
were needed to safely recover the satellite; and about 200 NASA
personnel were engaged in various mission activities.
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Joseph Saunders first became involved
with the Biosatellite program while serving as
head of the Medicine and Dentistry Branch at
the Office of Naval Research. During his ten-
ure with NASA from 1964 to 1973, Saunders
served successively as Chief of Environmental
Biology, Biosatellite Program Scientist, and
Chief of Biology Programs in the Office of
Manned Space Flight. From 1973 to 1983, he
was the Deputy Associate Director for Interna-
tional Affairs at the National Cancer Institute,
National Institutes of Health. Since then, he
served the American Physiological Society as
Manager of the Membership and Scientific
Programs Department. He was also the Exec-
utive Director Emeritus of the American Asso-
ciation of Immunologists (AAI) and active in
the AAI from 1986 to 1992.

When Saunders transferred to NASA in
1964, the experiments for the Biosatellite pro-
gram had already been selected. Saunders
credited Orr Reynolds, then Director of Bio-
sciences Programs, with putting the program
together. “Orrwas a brilliant individual. People
were amazed at his ability to act so well in a dual
capacity as a scientist and a manager.”

At one time, three missions had been
planned in the Biosatellite program: a 3-day

Joseph Saunders

mission, a 21-day mission, and a 30-day pri-
mate mission. The 21-day mission that was to
have succeeded Biosatellite II was canceled in
favor of bringing forward the primate flight.
Because of the imminent Apollo manned mis-
sions, there was considerable interest in col-
lecting information on animal subsystems.
Saunders agreed with the general consensus
about the Biosatellite III mission. “The pri-
mate was over-invaded,” he said. “A testicular
biopsy was done just hours before the flight,
and who even knew if the animal would heal
properly? In addition there was a catheter
implanted in the animal’s bladder, and other
cardiovascular implants.” He believed in the
importance of educating people about the re-
search that was done, so that they would be
able to approach problems without repeating
the mistakes of the past.

According to Saunders, one of the biggest
problems in the Biosatellite program was the
lack of communication between the biologists
and engineers in developing the flight hard-
ware. He cited the example of the frog egg
experiment, which was carried out in four egg
modules. “The first module was beautiful, it
worked real well. In the second module, the
frog eggs died, but not all of them. In the third

module, 75 percent were dead. When we
opened the fourth module, we didn’t know
what had happened. The eggs were all dead.”
The enigma was finally solved, as Saunders
explained: “The modules had been machined
out of lucite. You had to clean these things
once you got them engineered. Well, we spec-
ified 20 washes. But the water simply wasn’t
changed each time a module was run through.
So every module went through the same water.
The first module was fine just because there
were no pollutants, no residual plastic in the
water.”

When it comes to future space flight re-
search, Saunders stressed the importance of
plant experiments. “Based on my experience
with Biosatellite II, my feeling is that a lot of
the significant science information came from
those plant experiments. To survive in space
for long periods, you are going to need palat-
able and nutritious foods. We can’t compress
everything into pills at this time, and even if we
could, who would want to live on that for a long
time?” He was optimistic about NASA’s plans
for a space station. “I may not be around to see
it. Our grandchildren may not be around to see
it. ButI think that ultimately space is going to
be our future.”
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The Spacecraft

The Biosatellite spacecraft was designed
to accommodate the primary require-
ment for an automated laboratory suit-
able for biological experimentation in a
weightless environment (Fig. 4-5). To ful-
fill this requirement, the experiments had
to be protected from the external envi-
ronment and be maintained in a con-
trolled internal environment. A
battery-powered model with bottled air
was developed for the initial three-day
flight. The 30-day flight model featured a
fuel cell and carbon dioxide removal.

The 8-ft long spacecraft was 4.5 ft in
diameter at its widest point. The re-entry
vehicle, which separated and returned to
Earth at the end of the flight, contained
approximately the spacecraft’s half
weight and bulk. The smooth external
e --- surface permitted maintenance of mod-
erate internal temperatures, with a mini-
mum of electrical heating. Gyroscopes

Figure 4-5: The Biosatellite spacecraft
components:
(a) re-entry shield for thermal protection; (b) capsule assembly for holding
the biological materials; (c) parachute assembly for slowing spacecraft
descent; (d) thrust cone assembly for slowing and maintaining orientation of
the re-entry vehicle during re-entry; (e) adapter assembly for attitude and
position _control.

were used to sense angular rates of the spacecraft and compressed
nitrogen gas was used to reduce rotation rate to less than 1 revolu-
tion in 20 minutes. The biological specimens were thus exposed to
acceptably small acceleration forces.

The re-entry vehicle consisted of the experiment capsule, the
heat shield, and the thrust cone or retro-rocket assembly. The
aluminum experiment capsule contained the experiments and all
equipment necessary to provide the desired environment for the
experiments. A timer set during flight initiated the separation and
recovery systems from the ground. The spacecraft oriented itself
for retrofire relative to the local horizon and the local geomagnetic
field. After separating by explosively released springs, the
re-entry vehicle was spun about its major axis to maintain orienta-
tion and slowed by firing the retro-rocket. Shallow-angle re-entry
occurred about 4000 miles further down range. After ejection of
the parachute cover, the re-entry heat shield fell away. During
descent, hooks from a C-130 retrieval aircraft could be attached to
the specially reinforced parachute. At separation, a radio-homing
beacon was energized and a dye marker activated in the event that
the capsule landed in the ocean.

Additional Reading

Thimann, K.V. Symposium on the Biosatellite IT Experiments;
Preliminary Results. Bioscience, vol. 18, no. 6, June 1968,
p. 538.
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Saunders, ].F. Biologic Observations from the Space Flight Mis-
sions of the United States. Presented at the open meeting of
Working Group 5 of the 15th Plenary Meeting of COSPAR,
“New Medical, Physiologic and General Biologic Results of

Space Flight,” Madrid, Spain, COSPAR Paper L.2.4., May 22,
1972.

Saunders, J.F., ed. The Experiments of Biosatellite 1l. NASA
SP-204, 1971.
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Biosatellite | and Il

N

Capsicum annuum,

pepper plant /

MISSION PROFILE: Biosatellites | and Il

Biosatellite —not recovered

Biosatellite IT — 2 days

Dates: Biosatellite I — December 14, 1966
Biosatellite I/II— September 7-9, 1967

Mission Duration:

Life Sciences Research Objectives

To examine the influence of microgravity on the growth,
form, development, morphology, and biochemistry of a
selected group of organisms

To determine the sensitivity of organisms to ionizing radia-
tion in microgravity

Assess readiness of spacecraft subsystems for longer duration

flights
Life Sciences Investigations  [pp.182-195]

Cell/Developmental Biology (BIO2-1, 5.1, 5.2,6, 7, 8)
Plant Biology (BI02-9, 10, 11, 12)
Radiation/Environmental Health (BIO2-2, 3, 4, 13)

Organisms Studied

Capsicum annuum (pepper) plants
Habrobracon juglandis (parasitic wasp)
Neurospora crassa (fungus) spores
Pelomyxa carolinensis (amoeba)

.

()

Rana pipiens (frog) eggs

Drosophila melanogaster (fruit fly) larvae and adults
Tradescantia (flowering plants)

Tribolium confusum (flour beetle) pupae

Triticum vulgare (wheat) seedlings

Salmonella typhimurium (bacteria)

Escherichia coli (bacteria)

Flight Hardware

Capsicum Experiment Package [pp.468-469]
Drosophila Experiment Package [pp.486-487]
Habrobracon Experiment Package [pp.494-495]
Lysogenic Bacteria Experiment Package [pp.496-497]
Neurospora Experiment Package [pp. 498-499]
Pelomyxa Experiment Package [pp. 502-503]
Radiation Source and Holder [pp.536-537]
Rana Experiment Package [pp. 538-539]
Tradescantia Experiment Package [pp.556-557]
Tribolium Experiment Package [pp.558-559]
Triticum Experiment Package [pp.560-561]

Publications [pp.396-402]
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The first mission in the Biosatellite
series, Biosatellite I, waslaunched in
December 1966. Re-entry into the
Earth’s atmosphere
achieved because the retro-rocket

was not
on the spacecraft failed to ignite.
The biosatellite was never recov-
ered. Although the scientific objec-
tives of the mission were not
accomplished, the Biosatellite I ex-
perience provided technical confi-
dence in the program because of
excellent performance in most other
areas.

Improvements were made in
hardware, prelaunch tests, and pro-
cedures before Biosatellite II was
launched on September 7, 1967
from Cape Kennedy. The scientific
payload, consisting of 13 select biol-
ogy and radiation experiments, was
exposed to microgravity during 45
hours of Earth-orbital flight. Exper-
imental biology packages on the
spacecraft contained a variety of
specimens, including insects, frog
eggs, microorganisms, and plants.

/

AN

Figure 4-6: Cross section of spacecraft showing location of life
sciences experiments in Biosatellite Il: (a) radiation source;

(b) radiation source holder; (c) heat shield; (d) experiment package;
(e) backscatter field; (f) nuclear emulsion package; and

(9) experiment package.

The planned three-day mission was
recalled early because of the threat of
a tropical storm in the recovery area,
and because of a communication prob-
lem between the spacecraft and the
tracking systems.

Life Sciences Research
Objectives

The primary objective of the Biosatel-
lite IT mission was to determine if or-
ganisms were more, or less, sensitive
to ionizing radiation in microgravity
than on Earth. To study this question,
an artificial source of radiation was
supplied to a group of experiments
mounted in the forward part of the
spacecraft (Fig. 4-6).

The shielded aft section of the
spacecraft contained unirradiated
controls and experiments. Experi-
ments conducted onboard encom-
passed a wide range of disciplines and
used several different species. A study
on the effects of space flight on genet-
ics was carried out using fruit flies as
subjects. The combined effects of
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Drosophila melanogaster,

fruit fly
microgravity and radiation were studied in fruit flies, wasps, fungi,
and plants. Amoebae were used to investigate the nutrition and
growth of cells in the weightless state. The developmental process
was examined in frogs and beetles. Other experiments studied the
effects of microgravity on plant growth and development, and on
bacterial growth and phage induction.

The secondary objective of the mission was to assess the perfor-
mance of spacecraft subsystems essential to the next planned mis-

Rana pipienseggs, American leopard frog

sion, which was to be a 22-day orbital flight of a
primate.

Life Sciences Payload

Organisms

Tribolium  confusum,
flour beetle

The general effects of space flight were

studied in four different organisms: wheat seedlings grown in flight
were examined for spatial orientation, morphogenesis, histochem-
istry, and biochemical changes; young plants of the Yolo Wonder
bell pepper (Capsicum annuum) were studied for leaf orientation;
development was studied in the eggs of the common American
leopard frog (Rana pipiens); and giant multinucleate amoebae
(Pelomyxa carolinensis, Pennsylvania strain) were flown for inves-
tigations on feeding, growth, and cellular structure.

Interactions between radiation and flight conditions were stud-
ied in adult parasitic wasps (Habrobracon juglandis), flour beetle
(Tribolium confusum) pupae, larvae and adults of the fruit fly
(Drosophila melanogaster), lysogenic strains of bacteria (Salmonel-
la typhimurium and Escherichia coli), asexual spores of a fungus
(Neurospora crassa) and bud-bearing plants (Tradescantia).

Controls of several kinds were used to support the flight exper-
iment. For the experiments on wheat seedlings and pepper plants,
ground controls were conducted in the ordinary erect position and
also rotated on horizontal clinostats. Standard ground controls were
used in the other experiments. For the experiments involving
radiation, unirradiated controls were flown in the aft section of the
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spacecraft and both irradiated and unirradiated controls were
maintained on the ground.

Ground controls were carried out at two different tempera-
tures for most experiments. One set of controls was run at a
constant temperature equal to or close to that set for flight. The
other set of controls was run at temperatures that followed those
recorded onboard the satellite and telemetered to Earth. This
precaution, taken because an absolutely constant temperature
could not be maintained onboard, proved to be valuable in inter-
preting data from several of the experiments.

Hardware

The forward payload included experiments exposed to an on-
board radiation source. The aft payload included experiment pack-
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Figure 4-7: Biosatellite Il  participants.

ages identical to those in the forward payload, but which were
shielded from the radiation source. Six additional experiments for
studying the effects of microgravity alone were also included in the
aft payload. A tungsten radiation source holder exposed the radia-
tion source to the forward payload during specified segments of the
mission. An equipment rack located between the forward and aft
payloads contained power supplies and equipment required for
experiment support and recovery operations. The interior of the
capsule was maintained at the equivalent of a sea-level atmosphere
on Earth, within limits specified by investigators. Total pressure
and partial pressure of oxygen remained constant at 14.5 psia and
146 mm mercury respectively. Relative humidity and temperature
were controlled according to specified limits.

The container for the Drosophila larvae consisted of several
modules. Each module base was filled with melted culture medium
before flight and aretaining sieve inserted. The larvae and live yeast
were added to the module, the cover attached and the module
inserted into the housing. Brackets were then placed over the eight
modules in each housing. The container also had thermistors and
lithium fluoride (LiF) radiation detectors.

Four identical packages were used for the Tradescantia exper-
iment, two for flight and two for ground control studies. Each
package held 32 plants with roots sealed in a tube containing a
nutrient solution. Because the flower buds were arranged in a single
row, they were uniformly exposed to gamma radiation. Small holes
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in the cover of the package allowed air to enter, and a thermistor
installed through the wall of the package registered temperature.
Several passive dosimeters of LiF powder were placed in the root
and bud zones of each package.

Neurospora packages were designed so that each of the samples
within would receive a different total radiation exposure. Four packag-
es were subjected to onboard radiation at different dosages. A fifth
flight package was placed in the shielded aft section of the spacecraft.
Five identical packages were used in ground control experiments. The
package design allowed many Neurospora spores to be contained
with minimal risk of contamination and anoxia. Each spore sample was

[JEmbryo  BFixative [ Fixed embryo

launch 0 12 3 32 40
plus hours

68 Récove
S ry

Figure 4-8: The frog embryology experiment on Biosatellite Il had an
automatic mechanism that fixed embryos at specific times during the flight
so that embryos of varying ages could be studied postflight.

placed on a moist Millipore filter. Filters were held in place on disks
with polypropylene screens. Three independent dosimeters below
each filter detected backscattered radiation. A module consisted of 10
disks stacked together with barriers between adjacent disks. Assem-
bled modules were screwed into a housing unit to complete the

package.

A plastic module with three compartments housed each group
of Tribolium pupae. Each compartment contained an aluminum
insert holding two felt layers sandwiched between tissue papers.
One or two pupae were positioned in each of several holes punched
in the pieces of felt. Four LiF dosimeters were inserted between
two tissue papers with a layer of pupae on either side.

Five packages held the Habrobracon flown on the biosatellite.
Four of these were exposed to varying degrees of radiation. One
was placed in the shielded portion of the spacecraft. Each package
contained four modules. Habrobracon were placed in depressions
in each module. After a screen was placed over the depression, the
module was capped and assembled into the flight package. Three
glass rod dosimeters were included in each module. Additional
dosimeters consisted of LiF powder in tubes placed in front of and
behind the modules. Local temperature was recorded by a ther-
mistor located centrally between the modules.

Two identical sets of four special packages were constructed to
contain the lysogenic bacteria, one for the flight experiment and
one for the ground-control experiment. One of the packages in
each set contained 48 non-irradiated culture chambers. The other
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3 packages each contained 16 growth chambers and were exposed
to varying degrees of radiation.

Flight hardware for the frog embryology experiment was a
package of eight pairs of modules. The design of the packages was
that of the frog egg experiment packages on Gemini 8 and 12. Three
similar hardware packages were used in ground-control experi-
ments. A group of 10 fertilized eggs was placed in each of the first
8 modules. Groups of five were placed in each of the remaining
modules. Each module was divided into two chambers: a 10 ml egg
chamber and a fixative chamber. The O-ring-fitted piston separat-
ing the two chambers was spring-loaded and actuated in pairs of
modules, by program or by command. Actuation effected forceful
mixing of egg medium and fixative at different times during flight
for seven of the module pairs (Fig. 4-8). This process enabled the
investigators to obtain eggs fixed at varying times after fertilization.
Live embryos were obtained from the last pair of modules. A
coolant line around the hardware package maintained the experi-
ment at 42.5°F on the launch pad. Four thermistors in the package
registered temperature. A fifth thermistor switched off the strip
heaters that raised package temperature to 70°F immediately after
launch.

One flight and three control units contained amoebae and
paramecia (Fig. 4-9). Each unit had 24 tripartite chambers. A piston
with an O-ring separated the three segments of each chamber,
which contained, respectively, amoebae, paramecia, and a fixative.
Initial actuation of the piston resulted in mixing of amoebae and
paramecia. Further actuation mixed the amoebae and paramecia

B. Paramecia C. Fixative

A. Amoeba

Figure 4-9: Biosatellite Il amoebae were fed with paramecia when the
contents of compartments A and B were mixed. Fed amoebae were fixed
when the contents of compartment C were added.

with the fixative. Four of the chambers had thermistors for measur-
ing in-flight temperatures. High-density foam pads placed between
chambers reduced the vibrations during powered flight and re-
entry.

The flight hardware unit for the wheat seedling experiments
held 78 wheat seeds. It had one large chamber and three small ones.
In the large chamber, 12 seeds were inserted into each of 3
polycarbonate stalks containing wetted vermiculite. The remaining
seeds were contained in the three smaller chambers. Two of these
chambers were equipped to spray-fix the seedlings during orbit.
The seeds germinated in darkness. Thermistor records of chamber
temperatures were reported periodically to the ground stations.
Four additional hardware units were used in ground control exper-
iments.

For the pepper plant experiment, one plant was placed in each
of four plant holders within the flight unit (Fig. 4-10). A three-
mirror optical system and a camera allowed the top and sides of the
plants to be photographed at 10-minute intervals during orbit. A
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10in.

clock was inserted between the top central mirrors so that each
frame of the film showed the position of leaves with respect to time.
Four incandescentlamps illuminated the plants for 5 seconds every
10 minutes, and facilitated photography. The unit was covered

Figure 4-10: In the Biosatellite Il pepper plant experiment, a camera
recorded the positions of plant leaves with respect to time.
A diagrammatic representation of the view seen through the camera (left).

A side view showing experiment setup (right); A. mirror, B. clock, C. camera,
D. plants.
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with a white sleeve during flight to maximize light use and prevent
light from leaking into the biosatellite capsule. Air exchange was
permitted through a series of small holes in the sleeve. Five more
plants placed inside the unit later provided samples for carbohy-
drate, amino acid, and nitrogen analysis. Three additional hardware
units were used for ground control experiments.

Operations

The operations carried out to fulfill the needs of individual exper-
iments were complex. The description below outlines the general
operations performed to ensure successful launch and recovery of
the biosatellite capsule.

Although the spacecraft was designed to be flown using exist-
ing space flight services, additional operational procedures were
developed because it was imperative to safely recover the biological
materials onboard. The compatibility of the spacecraft system with
the existing Space Tracking and Data Acquisition Network
(STADAN) was successfully demonstrated. Support was enlisted
from various STADAN stations in North and South America and
South Africa for the operational phase of the mission (Fig. 4-11).
Several facilities at Goddard Space Flight Center and Cape
Kennedy were modified to meet mission requirements. Training
exercises were held in the Hawaiian Islands recovery area for both
an air recovery and a backup water recovery. In addition, Air Force
Rescue and Retrieval Service Forces in the Azores, Bermuda,
Guam, and Japan were prepared to retrieve the capsule in the event
of an emergency call-down. At Cape Kennedy, compatibility be-

Figure 4.-11: STADAN stations involved in controlling the launch, injection
into orbit, deorbit, and recovery of the Biosatellite Il. The lines indicate the
path traveled by the spacecraft.

tween the spacecraft and the Delta launch vehicle had to be
ensured.

The normal Delta prelaunch sequence was shortened signifi-
cantly in order to preserve the integrity of the experiments on
Biosatellite IT (Fig. 4-12). Prelaunch activities had to be reduced or
eliminated on Biosatellite IT because biological materials could not
be kept on the launch pad for longer than eight hours. The
preparation of each experiment, the spacecraft experiment
assembly, and the spacecraft launch vehicle assembly all required
special detailed procedures. These procedures were strictly time-
correlated with other activities such as the assembly of control
experiments.
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Only a few seconds after the launch phase of the mission began,
it became evident that the spacecraft was having difficulty accept-
ing Earth commands. The system operated effectively in spite of
this problem. At the end of the first complete orbit, all programmed
functions were satisfactorily confirmed: the radiation source holder
had opened 1 hour after launch; the pepper plants were being
photographed every 10 minutes; the frog egg assembly had been
appropriately heated; the amoebae had been fed with paramecia or
fixed; and a frog egg module had been injected with fixative.

Because of the impending threat of a tropical storm in the
recovery area, it was decided to terminate the mission after 30
orbits instead of the planned 46. All the remaining experiment
actuation commands were rescheduled and accomplished during
the last five orbits. De-orbit telemetry recordings were made with
the assistance of the Woomera Tracking Station in Australia.

The flight phase of the mission was successfully concluded with
the de-orbit of the recovery capsule, deployment of the parachute
system, and air recovery by the U.S. Air Force on the first attempt.
The subsystems in the spacecraft’s adapter, which remained in
orbit, were evaluated until the battery life was expended after 62
orbits.

The 280-pound recovery capsule was returned to the temporary
biological laboratories at Hickam Air Force Base in Hawaii for
disassembly. Immediate inspection of the biological materials
showed them to be in excellent condition.
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Figure 4-12: Moaodification of the prelaunch sequence to
accommodate a biological payload.
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Results

The Biosatellite IT mission showed that it was feasible to operate an
unmanned biology laboratory in the space environment. With very
few exceptions, environment conditions imposed by experimenters
were satisfied. Changes were noted in about 30 of the more than 100
biological parameters studied in the flight specimens. Radiation
and flight conditions were found to interact, and, when nuclei were
dividing, enhancement or synergism was found to occur in a num-
ber of different organisms. However, the relative roles of micro-
gravity and vibration (alone or combined) as causes of this
interaction were not determined.
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MISSION PROFILE: Biosatellite III

Mission Duration: 9 days

Date: June 28 — July 7, 1969

Life Sciences Research Objectives

To study space flight effects on brain states, behavior, fluid
and electrolyte balance, metabolism, and the
cardiovascular system

Life Sciences Investigations  [pp.196-202]

Cardiovascular/Cardiopulmonary (BIO3-1)
Musculoskeletal (BIO3-2)

Neuroscience (BI03-3.2)

Regulatory Physiology (BIO3-3.1, 3.3, 3.4, 4)

Organisms Studied

Macaca nemestrina (pigtailed macaque)
Flight Hardware [pp. 518-519, 508-517, 520-521]

Primate Physiological Sensors
Primate Life Support System
Primate Psychomotor Test System

Publications  [pp. 402-404]

Biosatellite 111

The last mission in the U.S. biosatellite program was Biosatellite
III, launched on June 28, 1969. The intent had been to fly a pigtailed
monkey in Earth-orbit for 30 days. However, after only 8.8 days in
orbit, the mission was terminated because of the monkey’s deteri-
orating health.

High development costs were a strong incentive for maximizing
the scientific return from the mission. Because of this, the scientific
goals had become exceedingly ambitious over time, and a great
many measurements were conducted on the single research subject
flown. Although the mission was highly successful from a technical
standpoint, the science results were compromised, probably be-
cause too many bioinstruments were implanted in the monkey.
Despite the failure of the mission’s scientific agenda, Biosatellite
IIT was enormously influential in shaping the life sciences flight
experiment program, pointing to the need for centralized manage-
ment, more realistic goals, and substantial preflight experiment
verification testing.

Life Sciences Research Objectives

The mission objective was to investigate the effect of space flight on
brain states, behavioral performance, cardiovascular status, fluid and
electrolyte balance, and metabolic state. Radiation studies were also
conducted.
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Life Sciences Payload
Organisms

A single 6 kg male pigtailed monkey (Macaca nemestrina) named
Bonnie served as the experimental subject on the mission
(Fig. 4-13).

The animal was instrumented with sensors for 33 channels of
physiological data. Implanted sensors included bipolar electroen-
cephalographic electrodes, electrooculographic sensors, elec-
tromyographic leads, cardiovascular function and respiration
sensors, and temperature sensors in the brain and peritoneal cavity.
Catheters were chronically implanted in the saphenous vein and
both femoral arteries to measure blood pressure, and in the bladder
to collect urine. Four identically instrumented monkeys served as
ground experiment controls.

Hardware

Equipment used for the flight experiment included bipolar
electroencephalograph electrodes, electromyogram electrodes,
electrooculogram electrodes, heart function and respiration sen-
sors, four intravascular catheters to measure blood pressure, tem-
perature sensors for the brain and peritoneal cavity, a urinary
catheter, and transducers.

A psychomotor test system was used to obtain data on in-flight
performance of visuomotor and delayed matching tasks. The animal
was held in a hammock-style restraint system with a feces collector
and attachments for the urine catheter and cardiovascular pressure

monitoring and perfusion systems. Casein-based diet pellets from
an electrically powered dispenser were provided during the flight.
Twenty pellets were offered gratis every day. Another 40 pellets
could be obtained each day as rewards for successful task comple-
tion. A suction-activated drinking system provided water. A seven-
channel analog tape recorder was used to collect data.

An in-flight urine analyzer monitored the urinary excretion
rates of calcium, creatine, and creatinine. Urine was passively
transported into a container with a flexible diaphragm. A pump
emptied the contents of the collector into a urine actuator once
every hour. The actuator in turn delivered 10 ml volumes of urine
to the analyzer. The analyzer consisted of a hermetically sealed case
containing a urine sample accumulator, a calcium analyzer, a creat-
ine-creatinine analyzer, reagent storage bags, logic sequencers, a
data handling system, and a power converter.

Transducers within the spacecraft provided data on capsule
total pressure, partial pressures of oxygen and carbon dioxide, air
temperatures, pellets and water consumption, urine production,
task performance, day and night light status, and changes in capsule
attitude.

Operations

Surgeries were performed on the flight and control animals to
implant the sensors described earlier. Other preflight surgical
procedures included tail amputation, incisor tooth extraction, tes-
ticular biopsy, and anal suturing.
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Although bioengineering tests of hardware with animal subjects
were performed, no formal analyses of these test results are avail-
able in the literature. There is also no indication that a complete
integrated flight duration test was ever successfully conducted.

While in orbit, the animal was exposed to a day and night cycle
consisting of 12 hours of incandescent light and 12 hours of dim red
light. The animal was presented with the opportunity to conduct
psychomotor tasks at specific times during the light period. Suc-
cessful task completion was rewarded with alimited number of food
pellets. Additional food pellets were offered “free” during a speci-
fied period. Other periodic activities controlled automatically by
the spacecraft clock included presentation of drinking water, time-
lapse photography, and infusion of heparin, an anticoagulant, into
the vascular catheters (Fig. 4-14). Accumulated urine was automat-
ically analyzed for calcium, creatine and creatinine concentrations
every six hours, and the results were telemetered to the ground.

The food and water dispensers and all monitoring systems
operated well during the flight. However, the psychomotor test
system provided no useful data because of the primate’s inconsis-
tent performance. The primate began to deteriorate between the
fourth and eighth day of flight, ceasing to eat or drink, and becom-
ing hypothermic and hypotensive. The environmental control sys-
tem maintained ambient temperature at the minimum setting of
20.7°C throughout the flight. This may have contributed to the
hypothermia noted in the flight animal.

When it became evident that the primate’s condition was
continuing to decline, the biosatellite was recalled. Immediately
after the biosatellite was recovered, attempts were made to revive
the primate but there was no response to remedial measures.
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Figure 4-13: Location of the monkey on the Biosatellite Ill spacecraft. (a)
The recovery capsule housed the monkey and life support and
measurement systems. (b) The adapter section, containing a urine
storage tank and urine analyzer, separated from the recovery capsule
before it reentered Earth’s atmosphere.
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Figure 4-14: Daily in-flight activities on Biosatellite .
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Harold Klein, a specialist in microbial
physiology, served as Assistant Director for
Life Sciences at ARC from 1964 to 1968, and
Director of Life Sciences from 1968 to 1984.
He is now Scientist-in-Residence at Santa
Clara University, California, and a research
scientist at the Search for Extraterrestrial In-
telligence (SETI) Institute in Mountain View,
California.

During the 1970s and 1980s, life sciences
research at ARC was concentrated in three
major areas. Aeronautical research focused on
the behavioral aspects of aviation and on man-
machine integration. Space biology and med-
icine research covered studies ranging from
smaller organisms to human physiology. Exo-
biology research focused on investigating the
prospects for life in the universe. “All three
areas were constant themes throughout this
whole period,” Klein says.

Although animal experiments were con-
ducted on the ground by the life sciences
group at ARC to study the effects of hyper-
gravity and radiation, space flight experiments
were not conducted until the early 1970s.
Until then, the group was mainly concerned
with basic research rather than space flight
experiment development. Because of this, the

Harold Klein

life sciences research agenda was not affected
by the failure of the Biosatellite III mission,
despite the fact that a good deal of adverse
public attention was directed at ARC after the
mission. “You have to understand the organiza-
tion at Ames during the period when the biosat-
ellites were flown,” Klein explains. “There was
a separate organization for biosatellite mis-
sions, basically dealing with engineering and
management areas. They managed all the flight
experiments from ARC, whether they were life
sciences experiments or astrophysics experi-
ments. So the life sciences group had no direct
responsibility for the Biosatellite program.”
Klein and his colleagues were interested in the
Biosatellite program, but somewhat pessimis-
tic with regard to the Biosatellite III outcome
since “there was only a single animal, very
heavily instrumented..., and likely to be
stressed to a degree that would make it difficult
to dissociate any weightlessness or space-relat-
ed effects.”

Klein was involved with the joint U.S./
Soviet activities on the Cosmos project from
the very beginning of cooperation in the early
1970s. He recalls that the first time the two
sides interacted in the area of space biology was
in 1971, when the newly formed Joint Working

Group for Space Biology and Medicine met for
the first time. “Most of the discussion at the
time centered around biomedical and life sup-
portissues. But I had some informal conversa-
tions with Gazenko (see p. 148) and Genin
about what they were investigating with lower
organisms. I think the seeds for what was to
become the Cosmos interaction were sowed at
that time. If we had not gotten along so well
then, there would have been nothing.” By
1974, the plans for cooperation had solidified
into an invitation to the U.S. from the Soviet
Union to participate in the Cosmos program.
“At first, we didn’t know there would be a
continuing series of Cosmos flights on which
we could participate. We were just invited onto
one flight. The Soviets probably wanted to see
how things would go from their side. Since the
first time worked out well and the results were
interesting, they invited us onto the next flight
two years later.” Klein describes the first U.S.
experiments on Cosmos as being very simple.
“They were not anything like the later experi-
ments. There were no announcements of op-
portunity, no big peer reviews. We just did
them because the spacecraft was available,
specimens were going to be available, and we
saw a chance to get some work done.”
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Nello Pace served as the Director of the
Environmental Physiology Laboratory in Ber-
keley from the 1960s to the mid-1980s. He is
now an Emeritus Professor of Physiology at the
University of California, Berkeley. He is the
cofounder of the International Union of Phys-
iological Sciences Commission on Gravitation-
al Physiology and of the Galileo Foundation,
dedicated to the support of gravitational phys-
iology research.

As Director of the Environmental Physiol-
ogy Laboratory in Berkeley, Pace received sev-
eral NASA grants to conduct primate
physiology research projects. One was a study
of primate calcium balance during space flight
conducted on the Biosatellite III mission.

Pace’s team had originally intended to de-
sign a unit that would collect urine samples at
intervals during the mission. They had planned
to analyze the samples after the biosatellite was
recovered. Then they heard about a miniatur-
ized soil analyzer being developed by the
NASA Jet Propulsion Laboratory (JPL) for the
Viking Mars missions. They approached JPL
about the possibility of conducting a joint ven-
ture. JPL was very interested because this
would allow a flight test of the analyzer before

Nello Pace

the Mars missions. The JPL device was con-
verted into a urine analyzer that allowed col-
lected urine to be automatically analyzed while
the spacecraft was still in orbit, rather than
postflight. The resulting data could be down-
linked to the ground, and summary data could
be stored in the spacecraft’s recovery capsule.
Pace describes the urine analyzer as a remark-
able piece of work. It worked flawlessly during
the mission. There were many such engineer-
ing successes on the mission, but these were
eclipsed by the furor over the death of the
monkey subject.

According to Pace, the Biosatellite III ex-
perience strongly influenced the primate re-
search program at NASA. Pace had proposed
the Automated Primate Research Lab (APRL)
in 1968, one year before the Biosatellite III
flight. The objective of the project was to fly
two adult pigtailed monkeys in Earth-orbit for
60 days. APRL was an offshoot of the Primate
Hemodynamics and Metabolism on an Orbit-
ing Satellite (PHAMOS) program, begun in
1958, which was one of the very first projects
to come out of NASA. APRL never progressed
to a flight stage because there was heavy oppo-
sition to flying primates in the aftermath of
Biosatellite III. But several other programs

and concepts grew out of it. Researchers
became interested in ways of shrinking the
“envelope” around the animal to protect it
during space flight. Pace’s team developed a
“monkey pod,” an enclosure that could safely
house a restrained pigtailed monkey. The
monkey pod was one of the primate experi-
ments on NASA’s SMD 111, a Spacelab flight
simulation test. It was proposed that the mon-
key pod be flown in the Shuttle middeck in
the mid-1980s. This project was never com-
pleted, although several of its elements were
incorporated into later primate flight pro-
grams.

French and Russian teams visited Pace’s
laboratory in the early 1970s to study the
monkey pod system. Their willingness to fly
primates in space increased as a consequence
of these visits. It had long been known that
many experiment results could only be ex-
trapolated to humans if primates were flown.
But until that time, both the French and the
Soviets had not thought it possible to main-
tain a primate in comfortable restraint for
long time periods.
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Results

The flight subject died about eight hours after the capsule was recov-
ered. The acute cause of death was ventricular fibrillation. At the time
of death, body weight was 4.4 kg. Weight loss may have been due to the
marginally palatable food pellets that had to be used to accommodate
experimental requirements. Marked dehydration was evident. The
cause of death is still controversial. At the time it was speculated that the
changes noted in the animal were an effect of microgravity alone.
However, subsequent Soviet and U.S. flights of monkeys, lasting from
5to 14 days, have cast serious doubts on such a hypothesis. It is likely
that over-instrumentation and chronic restraint resulted in the animal’s
demise. This possibility is supported by the deaths, shortly after the
termination of the flight phase of the mission, of two of the similarly-
instrumented ground-based controls.
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Orbiting Frog Otolith Program

The Orbiting Frog Otolith (OFO) Program was a part of the
research program of NASA’s Office of Advanced Research and
Technology (OART). One of the goals of the OART was to study
vestibular organ function in space and on the Earth.

Man’s ability to orient himself with respect to his environment
and his ability to coordinate his bodily movements has evolved in the
constant presence of gravity. Because of this, it was difficult to
predict how astronauts would respond to extended stays in micro-
gravity.

The OFO experiment was designed to allow researchers to
collect neurophysiological data on the response of the otolith to
prolonged periods of weightlessness. The otolith is a part of the
inner ear that is associated with equilibrium control: acceleration
with respect to gravity as its primary sensory input.

After the successful OFO-A mission in 1970, interest in the
research continued. A project called Vestibular Function Research
was initiated in 1975 to fly a vestibular experiment in an Earth-
orbiting spacecraft. This flight project was eventually discontinued,
but a number of ground studies were conducted. The research has
given rise to several very useful offshoots, including the ground-
based Vestibular Research Facility located at ARC.

The OFO Spacecraft

The OFO experiment was originally designed for flight within the
Apollo Applications Program, which was established to make opti-
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Figure 4-15: Launch of the Orbiting Frog Otolith (OFO) capsule (see also Fig. 4-
16).

mum use of hardware used in Apollo lunar missions. However,
because the low acceleration levels needed for the experiment could
not easily be maintained in a manned Apollo spacecraft, an un-
manned satellite was later chosen as a more suitable vehicle. The
satellite’s design eliminated exposures to acceleration levels above
10-3g. This meant that the experimental specimens could experience
an almost weightless state.
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The spacecraft had a diameter of approximately 30 in. and a
length of 47 in. The octagonal lower section of the spacecraft
housed the electronic apparatus. The upper section, which con-
tained the experiment package, was shaped like a truncated cone. A
heat shield covering this upper section protected the experiment
during re-entry into the Earth’s atmosphere. A “yo-yo” despin
assembly was located around the girth of the spacecraft. Four
booms, folded against the side of the spacecraft, were located
radially around the satellite. After the spacecraft separated from the
launch vehicle, the yo-yo despin subsystem slowed spacecraft rota-
tion. The four booms were then released to extend from the side of
the spacecraft. The extension of the booms increased the moment

Booms up (launch) Booms down (orbit)

Figure 4-16: Orbiting Frog Otolith (OFO) with booms. Booms out
increased the moment of inertia.

of inertia of the spacecraft, permitting the acceleration level to
remain below 10-3g (Fig. 4-16).

The spacecraft was launched by a Scout 1B rocket. The Scout
1B was a four-stage solid propellant rocket system, which was
about 73 ft long and weighed about 40,000 pounds at lift-off. Also
onboard was the Radiation Meteroid spacecraft to demonstrate and
evaluate improved instrumentation and to gather near-Earth data
of scientific interest.

Additional Reading

Gualtierotti, T. Vestibular Receptors in Space: Final Report. Con-
tract NAS2-9871, 1979.

NASA. Orbiting Frog Otolith/ OFO-Project Press Kit. NASA News
Release 70-132, 1970.

Space General Company. Orbiting Frog Otolith Satellite (OFO)
Mission Performance Report. NASA CR-62083, December
1970.
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MISSION PROFILE: OFO-A
Mission Duration: 6 days
Date: November 9-15, 1970 (not recovered)

Life Sciences Research Objectives

To study the effect of microgravity on the vestibular organ

Life Sciences Investigations  [pp. 209-211]

Neuroscience (OFO-1.1, 1.2, 1.3)
Organisms Studied

Rana catesbeiana (bullfrog)
Flight Hardware  [pp. 490-493]
Frog Otolith Experiment Package (FOEP)
FOEP Life Support System (LSS)
Publications [pp. 406-407]

Orbiting Frog Otolith-A

The OFO-A mission was launched on November 9, 1970. The
satellite carrying the OFO-A experiment remained in orbit for
almost seven days. Recovery of the spacecraft was not planned. The
payload was the Frog Otolith Experiment Package (FOEP).

Life Sciences Research Objectives

The objective of the experiment was to investigate the effect of
microgravity on the otolith, a sensory organ that responds to chang-
es in an animal’s orientation within the Earth’s gravitational field.

Life Sciences Payload
Organisms

Two bullfrogs (Rana catesbeiana) were used as experimental
subjects in the flight experiment. The bullfrog was chosen for study
because its labyrinth is very similar to that of humans. Since it is an
amphibian, preflight surgery could be performed above water, but
itcould be keptin water during the flight. The water medium served
to cushion the vibration and acceleration of launch, and to facilitate
gas exchange with the organisms.

Both flight frogs had electrocardiogram (ECG) electrodes im-
planted in their thoracic cavities and microelectrodes implanted in
their vestibular nerves. The frogs were demotorized to prevent
them from dislodging their implanted electrodes, and to reduce
their metabolic rates. With this lowered metabolic activity, the
frogs could survive in good health without being fed for as long as
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one month. Immersion in water allowed the frogs to breathe
through their skin. The water medium also helped to move carbon
dioxide and heat away from the animals.

Hardware

The flight hardware unit, the FOEP, was a pressure-tight
canister containing a water-filled centrifuge that housed the two
frogs. The centrifuge was a cylindrical structure that rotated the
frogs” heads at scheduled intervals. The FOEP also contained a life
support system which could maintain a regulated environment for
the frogs. This system consisted of two closed loops, one containing
liquid and the other containing gas. The interface between the two
loops was a selectively permeable silicone rubber membrane that
acted as an artificial lung. Oxygen passed through the membrane
from the gas to the liquid side, and carbon dioxide from the liquid
to the gas side. The frogs were immersed in the liquid loop. A pump
circulated oxygen through the gas-containing loop. Carbon dioxide
entering the gas loop was removed by an absorbant and the purified
oxygen returned to the pump for recirculation. A water evaporator
and an electric heater maintained the water temperature at about
60°F. An amplifier system in the FOEP increased voltage output
from the microelectrodes implanted in the animals to the level
required by the telemetry apparatus.

Operations

Surgical preparation of the flight frogs was completed about 12
hours before launch, and the animals were sealed inside the FOEP.
A backup FOEP was also prepared with similar specimens. The

flight FOEP was installed in the satellite about three hours before
launch.

The centrifuge was activated as soon as possible once the satellite
was in orbit and stabilized at 10-3 g. The centrifuge applied gravity
stimuliin cycles. Each cycle lasted about 8 minutes, and consisted of the
following: a 1-minute period without acceleration, an 8-second period
when rotation slowly began, 14 seconds of constant 0.6 g,
an 8-second period when rotation slowly stopped, and a 6-minute
period when aftereffects of rotation could be measured. Cycles were
performed every 30 minutes during the initial 3 hours in orbit,
and less frequently during the rest of the flight.

The OFO experiment continued until the seventh day in orbit,
at which time the onboard battery failed. Recovery of the OFO
spacecraft and FOEP hardware were not required.

Results

The experiment was successful. ECG indices showed the flight
frogs to be in good health during the entire flight. Vestibular
recordings were made as expected. Two equipment malfunctions
occurred during the flight: pressure in the canister increased to
11 psi, and the temperature decreased to 55°F for nine hours.
However, control experiments performed on the ground showed
that these malfunctions had little effect on the outcome of the flight
experiment.
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Several vestibular response changes were noted during the
early period in weightlessness. All of the observed changes reverted
to normal during the last 10 to 20 hours of the flight, suggest
adaptation.

Additional Reading

Anonymous. OFO-A Conclusive Report. Istituto di Fisilogia Umana
I1, Milan, Italy, unpublished report, May 1977.

Gualtierotti, T. The Orbiting Frog Otolith Experiment. AGARD
CP-61-70, September 1970.

Gualtierotti, T. and F. Bracchi. OFO Experimental Techniques and
Preliminary Conclusions: Is Artificial Gravity Needed During
Prolonged Weightlessness? Life Sciences and Space Research
X, Proceedings of the 14th Plenary Meeting of COSPAR, Seat-
tle, Wa., June 21-July 2, 1971, Akademie-Verlag, Berlin, 1972,
pp. 121-132.

Gualtierotti, T., F. Bracchi, and E. Rocca. Orbiting Frog Otolith
Experiment (OFO-A): Data Reduction and Control Experimen-
tation, Final Report. NASA CR-62084, January 1972.

NASA. Orbiting Frog Otolith/ OFO-Project Press Kit. NASA News
Release No. 70-132, 1970.

Space General Company. Orbiting Frog Otolith (OFO) Satellite
Mission Performance Report. NASA CR-62083, December
1970.
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The Apollo Program

NASA proposed the Apollo spacecraft for
Earth orbital and circumlunar flights in 1960.
Capable of accommodating a crew of three, the
craft was to be launched by a Saturn 1 type
rocket with a thrust of 6,672 kilonewtons. In
1961, President Kennedy announced the goal
of landing a man on the moon by the end of the
decade. Saturn 5, with a thrust of 33,360 kilo-
newtons, was developed shortly afterward. By
1962, it was decided that a moon landing could
be accomplished by a rendezvous in lunar orbit.

1

A spacecraft (lunar module) would be sent to
the lunar surface and returned to a mother ship
(command module) orbiting the moon. The
first moon landing took place in 1969. Five

-=Hl

Saturn V

A Command module [] Service module %% Lunar module

more lunar landing missions were completed in

the Apollo program from 1969 to 1972.
Program Overview

The Mercury capsule had been built for the first U.S. manned space
flight program. It could house a single astronaut in orbital flight. A
modified Mercury design, with a base diameter of 3.9 meters, was
chosen for the Apollo Command Module (Fig. 4-18). It was the
control center and the crew habitat, and the module that returned
to Earth after mission completion. The Command Module was

Figure 4-17: Launch and recovery of Apollo 17.

provided with a radiation shield, and a heat shield to protect it
against frictional heat produced when moving through the atmo-
sphere. A Service Module contained most of the mission’s consum-
ables. A Lunar Module conveyed astronauts from lunar orbit to the
moon’s surface. It was designed as a two-stage vehicle because it
had toland on and take off from the moon. The descent stage served
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as the launch pad for the ascent stage. Since visibility was important,
the pilots had to be close to the two rather small triangular windows.
There were two hatches. The front hatch was used for access to and
from the surface of the moon. The top hatch was used for docking
with the Command Module.

ANASA field center was required for the coordinated development
of the Apollo program. To satisfy this requirement, the Manned Space-
craft Center (now Johnson Space Center) in Houston, Texas, was
established along with a mission control center. This was the site where
spacecraft design, testing and checkout, and astronaut crew training
could be carried out. Required facilities included avacuum chamber for
testing the spacecraft and crew in a simulated space environment, a
centrifuge where the three-man Apollo crew could experience the
accelerations of a rocket launch, and other space flight simulators.

Several new technologies, including the rapid development of
computer and communication technology, were important in making
the Apollo program possible. A worldwide tracking network was neces-
sary to maintain continuous voice contact with the astronauts and
telemetry contact with the spacecraft subsystems. During stays on the
lunar surface, contact with the astronauts was maintained by means of
three antennae spaced equidistantly around the Earth, in Goldstone,
California, in Madrid, Spain, and in Canberra, Australia.

Scientific interest in the Apollo program came relatively late,
and was generally concentrated in the areas of geology, physics and
astronomy; biological research was not a high priority. Only one life
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Figure 4-18: The Apollo Command and Service Modules: (a) the Command
Module housed the crew and experiment equipment; (b) the Service
Module, containing the thrust engine and consumables, was jettisoned
before the Command Module re-entered Earth's atmonsphere.
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science experiment was conducted by ARC within the Apollo
program (the Apollo 17 mission).

Ad(ditional Reading

Rycroft, M., ed. The Cambridge Encyclopedia of Space. Cambridge
University Press, 1990.
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MISSION PROFILE: APOLLO 17
Mission Duration: 13 days
Date: December 17-30, 1972

Life Sciences Research Objectives

To determine if high-energy cosmic ray particles produce
injury to brain, eye, and other tissues

Life Sciences Investigations  [pp. 203-208]
Radiation/Environmental Health (A17-1.1, 1.2, 2, 3, 4, 5)
Organisms Studied

Perognathus longimembris (pocket mouse)
Flight Hardware [pp. 462-465]

BIOCORE: Life Support Hardware
BIOCORE: Pocket Mouse Radiation Dosimeters
(implanted)

Publications  [pp. 404-406]

A

Apollo 17

The sixth and last of the Apollo series of manned lunar landings was
accomplished on the highly successful Apollo 17 mission. Launched on
December 17, 1972 from KSC in Florida, it was recovered on Decem-
ber 30, after a total mission duration of almost 13 days.

Scientific objectives of the mission included geological survey-
ing and sampling of lunar materials and surface features, deploying
and activating lunar surface experiments, and conducting in-flight
experiments and photographic tasks. To achieve these objectives,
12 lunar surface experiments, 5 lunar orbital experiments, photo-
graphic and support tasks, and other investigations were carried
out.

Seven biomedical experiments were conducted on the Apollo
17 mission. The BIOSTACK experiment (a stack of biological
objects and radiation detectors) was designed to study radiation
effects on plant and animal systems in a dormant state. An experi-
ment was also conducted to investigate the visual light flash phe-
nomenon in the three-man crew. These two experiments were not
conducted under the auspices of ARC, and will not be discussed
here. The five remaining experiments performed on the mission
related to the Biological Cosmic Radiation Experiment
(BIOCORE) package are described below.

Life Sciences Research Objectives

The Van Allen radiation belts are two bands of geomagnetically
trapped particles encircling the Earth (Fig. 1-1). Because of their
distance from the Earth, exposure to these radiation zones is
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currently hazardous to astronauts only on the highest Earth-orbital
flights or on flights to the moon. However, since exposure to cosmic
particle radiation presents a potential risk to humans as they under-
take longer missions farther away from the Earth, the phenome-
enon needs to be studied. The BIOCORE package was designed to
gain a better understanding of cosmic particle radiation hazards.
The objective was to determine if microscopically visible lesions
attributable to high-energy (HZE) cosmic ray particle radiation
could be found in the tissues of animals flown on the spacecratft.

Life Sciences Payload
Organisms

The pocket mouse (Perognathus longimembris) was chosen for
the flight experiment for several reasons. This rodent from the arid
regions of the southwestern U.S. and northern Mexico does not
require drinking water and subsists on seeds and plant material. It
is a facultative homeotherm with the ability to drop its metabolic
rate dramatically while at rest or in response to environmental
stresses such as ambient temperature variations, lack of food, and
confinement. Wastes are produced in a concentrated form, and
food can be provided freely because the mouse is a natural hoarder.
The availability of background information on the animal, and its
small size, were also important reasons for its selection.

Five mice were used in the flight study. A control study was
conducted on the ground with five other mice. To correlate any
observed tissue damage in the heads of the flight mice with the
passage of HZE cosmic ray particles, it was necessary to record the

trajectories of particles passing through the heads of the mice
during flight. For this purpose, plastic dosimeters were implanted
beneath the scalps of the mice.

Hardware

Four layers of plastic were sealed together to form the dosime-
ters. A paralene coating made the units impermeable to the tissue
fixatives used after postflight autopsy of the animals. Each dosime-
ter was mounted on a silicone rubber platform, the underside of
which was contoured to the skull. The apparatus covered the entire
brain from the olfactory bulbs anteriorly to the cerebellum posteri-
orly. The assembly was implanted beneath the scalp, where scalp
tension fixed its position with respect to the skull. No adverse
effects were observed in the mice due to the presence of the
subscalp assembly, even after several months of implantation).

Perognathus longimembris, pocket mouse
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Richard Simmonds is a veterinarian who is
internationally recognized as a laboratory ani-
mal medicine specialist, and as an advocate for
the proper use and care of animals in research.
He has a long history of participation in space
life sciences projects, including Apollo,
Spacelab, and Cosmos. Currently he is Assis-
tant Dean for Research at the University of
Nevada in Reno.

Simmonds’ first contact with the Apollo
Program was in 1970, just after the Apollo 12
mission was completed. At that time, he took
part in the Lunar Quarantine Program, which,
he says, “reassured the public that the Earth

Richard Simmonds

wouldn’t be contaminated with moon bugs or
organic toxins.”

Simmonds played a prominent role in co-
ordinating the BIOCORE on the Apollo 17
mission. BIOCORE was initially proposed for
Apollo 16, but problems relating to biocontain-
ment and animal safety made this unfeasible.
The version of the experiment flown on Apollo
17 was vastly improved. In Simmonds’ view, it
received less credit than it deserved. The
implanted dosimeters and laser-guided brain
coordinate system were very sophisticated.
Results were interesting; high-energy particles
appeared to have damaged the retinas of the

mice. “The evidence was equivocal,” says Sim-
monds, “because you had to believe the pre-
dicted trajectory of the particles, and that the
lesions seen followed that trajectory.” He
adds, “We may have euthanized the mice too
early. I don’t know if there would have been
brain lesions too, if we had waited longer.”
Astronauts have reported seeing light flashes
while in space, and it is accepted that these are
a result of high-energy particles traversing
their heads. Itis not known if this phenome-
non is related to the lesions seen in the mice
on Apollo 17.

Flight and control mice were housed in hermetically sealed
cylindrical aluminum canisters. The flight canister remained on the
Command Module during the entire mission (Fig. 4-19). In compli-
ance with the constraints imposed by the Apollo spacecraft, the
package was a closed, self-sustaining system that required no in-
flight handling, data recording, or electrical power. The canister
contained seven perforated cylindrical tubes. Six of the tubes were
arranged around the inside wall of the canister. The seventh tube
was centrally located and contained potassium superoxide granules

for converting the carbon dioxide generated by the mice into
oxygen. A mouse and its food supply were contained in each of five
other tubes. The sixth tube was flown empty because the oxygen
generating capability of the environmental control system had been
shown to be marginal for six mice. Two maximum-minimum tem-
perature recorders were placed within the canister. A radiation
detector external to the package was used to measure the radiation
in the vicinity of the canister.
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The cylindrical shape and the small bore of the tubes in the
canister were designed to minimize tumbling in the microgravity
environment, and to enable the mice to move and feed without
difficulty. Food consisted of a special seed mixture placed in each
tube. No water supply system was required since the mice produce
water metabolically from their food.

Operations

The experiment package was flushed with oxygen before launch.
The initial supply of oxygen was necessary until the potassium
superoxide reaction with carbon dioxide and water vapor was suffi-
cient to generate oxygen at a rate that could satisfy the metabolic
requirements of the mice.

The BIOCORE package remained stowed in its designated
location throughout the mission. No crew activities were required in
relation to the experiment.

Figure 4-20: Five pocket mice orbited the moon on the Apollo 17 mission.

Results

One mouse was found dead upon
recovery of the spacecraft. Of the
four that survived the flight, two
were quite active. Two were less
active, seeming to drag their

bodies around as though expe- / \
riencing a gravitational force '¥/‘
greater than 1 g. After eutha-
nasia, autopsies were per-
formed on all of the flight and

control mice. The heads of the

Fig. 4-19: Location of the mouse
canister on the Apollo spacecraft: (a)
mouse canister; and (b) crew hatch.

mice were then fixed and radi-
ation damage assessed.

The general condition of the flight
animals appeared to be related to the
level of hemorrhagic materials in the
middle ear cavities. Massive hemorrhage
was found in the animal that was dead at
recovery. No hemorrhage was seen in
the animal that was in the best condition
after the flight. Ground control animals
also showed similar hemorrhaging. Sim-
ilar effects had been noticed during pre-
flight tests, and were probably due to
pressure excursions in the potassium su-
peroxide canisters.
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Lesions in the scalps of the flight mice provided only circum-
stantial evidence of vulnerability to radiation from cosmic ray
particles. Other effects were noted in the olfactory epithelium and
in the middle ear cavities, but their causes were unknown.

Although no brain lesions were observed, this does not negate
the possibility that HZE cosmic ray particles are injurious to brain
tissue. Spacecraft shielding may have been so effective that high
energy cosmic ray particles did not reach the mice. Less shielded
exposures to cosmic ray particles would be needed to prove the
presence or absence of effects on brain and other tissues. The tissue
fixative used was later found to be less than optimal; this may also
be a reason for the lack of demonstrable brain lesions.

Additional Reading

Harding, R. Survival in Space. Routledge, London and New York,
1989.

Johnston, R.S., L.F. Dietlein, and C.A. Berry, eds. Biomedical
Results of Apollo. NASA SP-368, 1975.

NASA Johnson Space Center. Apollo 17 Mission 5-Day Report.
NASA TM-X-69527, December 1972.

NASA Johnson Space Center. Apollo 17 Mission Report.
JSC-07904, March 1973.

NASA Johnson Space Center. Apollo 17 Preliminary Science Re-
port. NASA SP-330, 1973.
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Skylab Program

The first serious attempt at formulating a concept for a space
station was put forward by Hermann Oberth in 1923. The scientific
community gradually became interested in such a station, realizing
that it would enable them to study the physical and psychological
effects of space flight on man. NASA began considering plans for
a manned space station in the 1950s, but the Skylab Program only
came into being in the mid-1960s. In the early days, it was called
the Apollo Applications Program. Costs were to be kept to a
minimum by reusing existing Apollo hardware to build and operate
the space station.

The Skylab space station was launched on May 14, 1973 on the
unmanned Skylab 1 mission. About one minute after launch, some
serious technical problems arose. Aerodynamic stress tore loose
the thin aluminum structure that acted as the station’s meteorite
shield and sunshade, together with one of the two electricity-
producing solar arrays. The other solar array failed to deploy
properly as aresult. Absence of a sunshade meant that temperatures
were high inside the space station, and there were concerns that
toxic materials would be released, and that food and film onboard
would be spoiled. On May 25, 1973, a three-man crew was launched
on the Skylab 2 mission to attempt to repair the damage to the
station. The crew put up a parasol-like structure to replace the lost
sunshade. The temperature inside the station then dropped enough
for the crew to enter. The one remaining solar array was eventually
made operational, making electricity available.

--
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Figure 4-21: Launch and recovery of the Skylab crew module; (a) Crew
module.

The Skylab Program demonstrated several important points
about space flight. First, it showed that man could live and
operate effectively in space for long periods of time. The near-
disaster that occurred soon after the Skylab 1 launch was evidence
that repairing equipment in space was feasible. The program also
indicated that free-flying unmanned laboratories were needed for
conducting experiments which required an environment that was
undisturbed by astronaut and maneuvering activities. NASA’s in-
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terest in having unmanned platforms on the International Space
Station stem directly from the Skylab experience.

The Skylab Space Station

The Skylab space station was really a modified S-IVB stage of a
Saturn V moon rocket, whose hydrogen tank had been converted
into accommodations for a three-man crew. Weighing about 100
tons, Skylab had a habitable volume of approximately 283 m?. Its
two stories were separated by a metal grid floor into which the
astronauts’ cleated shoes could be locked for stability. The upper
floor had storage lockers and a large area for conducting experi-
ments. The lower floor was the living quarters; it had three bed-
rooms, adining table, a work area, a shower, and a bathroom. Food,
water, and clothing for the nine astronauts who were to eventually
occupy the space station were stored in lockers. The air supply was
an oxygen-nitrogen mixture at a pressure of 5 psi. The temperature
of the interior was designed to be maintained at about 70°F.

The solar arrays on the station could each provide about 10,500
watts of power at 55°C, while the station was in the sunlit portion
ofits orbit. Some of this power was stored in batteries for use when
the station was shielded from the sun by the Earth’s shadow.

The Skylab was put into orbit by the giant Saturn V launcher.
Modified Apollo command and service modules launched by small-
er Saturn IB rockets ferried crew members to and from the space
station. A docking adaptor on the Skylab allowed the Apollo space-
craft to dock with the station and transfer its cargo of crew mem-
bers.

The Skylab 2 mission lasted for 28 days. The next two missions,
Skylab 3 and Skylab 4 lasted 59 and 84 days, respectively. All three
manned Skylab missions occurred within a period of nine months.
The space station was deactivated between missions. The Skylab
remained in orbit for more than five years after the last crew left the
station. The plan had been to use a Space Shuttle mission to attach
a rocket stage to the Skylab for boosting it to a safe altitude.
However, the Shuttle was still in development, and it became
evident that this solution would not be feasible. In early 1979, the
Skylab was reactivated and adjustments were made to minimize
atmospheric drag and control its altitude. Some parts of the station,
such as the heavy lead film vaults were not expected to burn up
during re-entry. To avoid risks to highly populated areas, flight
controllers steered the station towards the Indian Ocean. It finally
crashed to Earth in Western Australia on July 11, 1979.

Alarge number of life sciences experiments were conducted on
the three manned Skylab missions. Two of these were developed by
ARC. Both were flown on the Skylab 3 mission.

Additional Reading

Gatland, K. The Illustrated Encyclopedia of Space Technology.
Orion Books, 1989.

NASA. Spaceflight: The First 30 Years. NASA NP-150, December
1991.

Newkirk, R.W., I.D. Ertel, and C.G. Brooks. Skylab: A Chrono-
logy. NASA SP-4011, 1977.
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Rycroft, M., ed. The Cambridge Encyclopedia of Space. Cambridge
University Press, 1990.

Turnill, R., ed. Jane’s Spaceflight Directory. Jane’s Publishing Inc.,
London, 1986.

Wilson, A., ed. Interavia Space Directory 1991-1992. Jane’s Infor-
mation Group, Alexandria, Va., 1991.
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MISSION PROFILE: Skylab 3
Mission Duration: 59 days
Date: July 28-September 25, 1973

Life Sciences Research Objectives
To study circadian periodicities during space flight
Life Sciences Investigations  [pp.212-213]
Regulatory Physiology (CPE-1, 2)
Organisms Studied

Perognathus longimembris (pocket mouse)
Drosophila melanogaster (fruit fly) pupae

Flight Hardware [pp.478-481]

Circadian Periodicity Experiment Package
Pocket Mouse Housing Unit

Vinegar Gnat Enclosures

Circadian Data System

Publications [p. 407]

Skylab 3

The Skylab 3 mission began on July 28, 1973 when a three-man
crew arrived at the Skylab station in a modified Apollo spacecraft.
During their 59-day stay onboard the space station, the crew
members conducted several experiments, including two life sci-
ences investigations developed by ARC.

Life Sciences Objectives

The objective of the first experiment was to study the stability of
the circadian rhythm of a mammalian system during space flight.
The other experiment was designed to study the phenomenon of
temperature compensation in an insect’s circadian rhythm. Be-
cause the objectives of the two experiments were similar, they were
packaged together as an integrated unit, which remained attached
to Skylab for the duration of the mission. The unit was installed in
the Apollo command service module.

Life Sciences Payload
Organisms

The first experiment used the pocket mouse (Perognathus
longimembris) as the experiment subject. This species was chosen
for study for several reasons. First, it is easy to maintain in caged
conditions. Since it is a natural hoarder, food can be provided
freely. It produces water metabolically from its food, and so does
not require a supply of drinking water. As a result, feces are
produced in small, concentrated amounts. Second, it is well suited
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for studies of circadian periodicities because it shows remarkable
precision in the timing of daily periods of lowered body tempera-
ture, or torpor. Third, its small size allows a larger number of
subjects to be used in the experiment. Six mice were used in the
flight experiment. All were implanted with biotelemeters for mon-
itoring body temperature and activity.

The other experiment used 180 pupae of fruit fly (Drosophila
melanogaster). They were divided into four groups. Flashes of light
were to be delivered to the pupae to stimulate emergence of adult
flies at different times during the flight. The objective was to
determine whether the daily rhythm was disturbed in microgravity.

Hardware

Pocket mice were kept in individual circular cages that
were placed in a common enclosure. Each cage was lined with
porous polyethylene and contained 50 grams of dried seeds. A small
fiberglass tube at the center of each cage contained the receiving
antennas for the implanted biotelemetry unit. A thermistor moni-
tored the ambient temperature in each cage. An environmental
control system maintained cage air pressure at about 700 mm of
mercury and the relative humidity at about 20 percent.

The data system consisted of a data processor, memory, and
power supply. It collected data on biological, environmental, and
engineering parameters for both experiments. One accumulated
activity count and one body temperature reading was recorded
every 10 minutes from each pocket mouse for the duration of the

experiment. Ambient temperature recordings were made every
10 minutes. Engineering parameters were recorded every 40
minutes.

Fruit flies were housed in four sealed enclosures. Each enclo-
sure contained a pupa plate that could be warmed to induce
hatching, a temperature control system, a programmable stimulus
lamp, and a photodetector for counting hatchings. A relative
humidity of about 62 percent was maintained at the surface of the
pupa plates. The data system was designed to collect data on lamp
status, population count and temperature of the housing enclo-
sure and pupa plates.

Operations

Collection of preflight baseline data from the flight and control
mice began about 40 days before the mission. The flight mice were
placed in flight hardware in dark conditions six days before
launch. The hardware was loaded into the command service
module two days later.

The mouse holding unit operated perfectly for the first 30
hours after launch. The fruit fly experiment was initiated, tem-
peratures in the pupa plates were raised to 20°C, and the stimulus
lights came on at the appointed time. Unfortunately, about 30
hours after launch a power failure occurred and resulted in the
loss of both experiments. The ground controls were operated for
about a month after the loss of the flight experiment. The control
data was expected to be useful in the event that the function of the
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flight hardware could be restored, or, in the case that the flight
experiment was re-flown, on a later mission.

The data from the flight mice and the ground control data
obtained during the 30 hours prior to the hardware malfunction
were analyzed.

Results
Mice
The investigators concluded that meaningful results could have

been obtained if the animal holding unit had continued to function
because the telemeters were able to provide reliable data.

Fruit flies

No useful scientific data were obtained because of the power
failure.

Additional Reading

Compton, D.W. and C.D. Benson. Living and Working in Space:
A History of Skylab. NASA SP-4208, 1983.

Lindberg, R.G. and P. Hayden. Research on the Properties of
Circadian Systems Amenable to Study in Space. NASA
CR-137523, June 1974.

NASA. Spaceflight: The First 30 Years. NASA NP-150, December
1991.

Newkirk, R.W., .D. Ertel, and C.G. Brooks. Skylab: A Chrono-
logy. NASA SP-4011, 1977,

Rycroft, M., ed. The Cambridge Encyclopedia of Space. Cambridge
University Press, 1990.
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The Space Transportation System

After the Skylab missions were terminated, the U.S. space pro-
gram became centered on establishing a permanently manned
orbiting space station. A reusable launch vehicle was to be used to
ferry crew and equipment between Earth and the station. Because
of the cost involved in building a space station, the project’s aims
were modified in time, and the Space Transportation System
(STS) program came into being.

Program Overview

The STS is a launch system that can be used to place a variety of
payloads into low earth orbit. When it was conceived in 1969, it
was intended to be fully recoverable. Because of the high develop-
ment cost, the concept was abandoned in favor of the present
system. In the current scheme, the orbiting spacecraft is attached
at launch to two solid fuel rocket boosters and an external liquid
fuel tank. Shortly after launch the solid fuel rocket boosters detach
from the orbiter and parachute to the sea. The empty casings are
recovered and later reused. The external liquid fuel tank is also
jettisoned after launch, and burns up during re-entry. Despite the
compromise, the STS provides a unique service as a reliable,
reusable heavy-lift booster, capable of carrying a payload of almost
23 metric tons into orbit.

The main component of the STS is the Space Shuttle. Other
components include the Spacelab and various accessories that are
used during flight, as well as ground facilities where the Shuttle is
assembled, launched, and recovered.

- -4c)

|- (d)

Space Transportation
System

Figure 4-22: STS launch and recovery: (a) External tank; (b) solid rocket booster;
(c) payload bay; and (d) orbiter.

The Space Shuttle

The Space Shuttle is made up of three major parts: a reusable
orbiter, a pair of solid-propellant boosters, and a liquid propellant
tank. The orbiter, appropriately, is the portion of the Shuttle that
travelsin Earth orbit. However, the distinction between the Shuttle
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1982 1983 1984 1985 1986 ‘ 1987 ‘ 1988 1989 1990
STS-3 STS-8 STS-10 STS-51B STS-29 STS-32
Mung
Bean Rats Rats Rats Rats Fungus
Seedlings
Oat Squirrel ¥ ~
Seedlings Monkeys SUSe SIS
Pine u Corn
Seedlings S-Sl Seedlings Rats
Mung
Bean
Seedlings
Oat
Seedlings
Pine
Seedlings

Table 4-3: Organisms studied on ARC Space Shuttle missions.

and the orbiter is not always made clear, and the two terms are often
used interchangeably. The four orbiters currently in operation are
Atlantis, Columbia, Discovery, and Endeavor, and are named after
pioneer sailing ships. Each orbiter was engineered to be capable of
completing more than 100 missions, each lasting about 10 days.
Columbia is being modified into an Extended Duration Orbiter
which will be able to accommodate missions of up to 16 days.
Endeavor, the newest of the orbiters, replaces the orbiter
Challenger, which was lost in a tragic explosion in 1986.

The Space Shuttle is designed to carry out three main tasks.
First, it functions as an orbiting space laboratory. The Spacelab,
described below, complements and extends this capability. Second,
it can be used to carry commercial and government-sponsored
payloads that can be placed into a low Earth orbit or a transfer orbit

as satellites. Third, it provides maintenance service in repairing and
resupplying satellites and returning them to Earth.

The payload for a particular Shuttle mission consists of items
destined for similar orbits, and is subject to the availability of space,
weight, and other factors, such as power. Payloads frequently
include experiment packages for conducting life sciences research
in microgravity. Such research is constrained by the necessary
emphasis on crew safety. The need for rigorous ground testing and
safety verification has associated costs and lengthy flight prepara-
tion periods. However, the research opportunities presented by
Shuttle missions dwarf these disadvantages. The value of conduct-
ing research on the Shuttle lies mainly in the fact that it is a manned
vehicle. Crew members can carry out manual procedures in orbit,
make real-time decisions and intuitive judgments, and gather data
that often cannot be easily obtained on unmanned biosatellite
missions.

Experiments can be accommodated in either the middeck or
the payload bay (Fig. 4-23). The middeck is located below the flight
deck of the orbiter, adjacent to the payload bay. Forty-two modular
lockers are situated in this area, primarily for storage of crew food,
clothing, and payload support equipment. Unused space within the
lockers can be appropriated for small, low-power experiments that
can be simply operated or observed by the crew. The experiment
packages are required to be self-sufficient in terms of data acquisi-
tion and instrumentation capabilities. There are several advantages
to conducting experiments on the middeck, despite the limited
resources available. These experiment packages require less time
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Figure 4-23: Life sciences experiment sites on the STS: (a) middeck; (b)
lockers where experiments are stored in middeck; (c) Spacelab; and
(d) racks for experiments in Spacelab.

and cost for development than experiments on Spacelab, and
consequently can be flown more frequently. Crew operations are
feasible as in the Spacelab. Since the complex loading and retrieval
procedures used for Spacelab experiments are not required here,
experiment packages can be loaded shortly before launch, and
recovered soon after landing. Several units of hardware, including
an advanced animal habitat, a refrigerator/ incubator module, and
a space acceleration measurement system are expected to be flown
on the middeck in future flights.

Small economical payloads can be carried in the orbiter’s cargo
bay to maximize the use of space. A small payload known as the
Hitchhiker is sometimes included in the cargo bay. Equipment
included in a Hitchhiker should require only modest resource and
space allocations and should not need special positioning or access
to orbiter computers. Simple, self-contained experiments can also
be held in the payload bay in Get Away Special carriers. All
electrical power, heating, cooling, and data acquisition systems for
these investigations must be provided by the experimenters.

Experiments on the Shuttle can be controlled through the
orbiter, the Spacelab, or the ground. The orbiter communication
system accomplishes information transfer to the ground during
flight via the Spaceflight Tracking and Data Network, or via the
Tracking and Data Relay Satellite System. Onboard control of data
and subsystems is achieved by means of a data management sub-
system, which is capable of recording data or transmitting it directly
to the ground (Fig. 4-24). Computer terminals and about 750
watts of power are available in the aft flight deck of the orbiter. The
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Figure 4-24: Experiment equipment on the Spacelab is controlled by a data danagement subsystem. Data is transmitted to the ground via the Tracking and Data
Relay Satellite System.
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crew maintains voice contact with scientists and mission personnel
on the ground via an intercom system. A closed circuit television
system is also available.

Through December 1990, nine Shuttle missions have flown life
sciences experiments sponsored by ARC. Only one of the nine
missions, STS-51B in 1985, used the Spacelab facility for life scienc-
es experiments. The other eight missions carried middeck payloads:
STS-3 in 1982; STS-8 in 1983; STS-10 in 1984; STS-51F in 1985;
STS-29, STS-34, and STS-41 in 1989; and STS-32 in 1990. The
payloads on STS-8, STS-10, and STS-29 were a part of the Shuttle
Student Involvement Project.

Spacelab

Spacelab, as its name implies, is a reusable space-based laboratory.
It is designed to be taken to orbit and returned to Earth in the large
cargo bay of the orbiter. Besides simply increasing the habitable
volume of the orbiter, it provides astronauts with the myriad re-
search tools commonly found in a standard ground laboratory. A
modular construction permits it to be modified to optimally accom-
modate different experiments on separate missions. Three basic
configurations are offered by the Shuttle/Spacelab design: module
only, module and pallets, or pallets only. Each pallet or equipment
platform has electrical power, data lines and cooling capability.
When a Spacelab module is not flown in the pallets only mode,
computers and data handling equipment are housed in an “igloo,”
a cylinder mounted on the first pallet which provides a pressurized
and thermally controlled environment for the equipment.

Either a long or a short module may be used on a particular
mission, together with one or more pallets. A long module mea-
sures 7 meters in length, and a short module 4.3 meters in length.
The modules are pressurized to 1 atm so that the crew can work
within in an environment similar to that of Earth. Experiments are
housed in racks within the laboratory module, and are supplied
with electrical power, thermal control, and data lines. Each rack-
can hold 290 kg of equipment. Large hardware items that do not fit
in a rack are installed in the center aisle of the Spacelab. A
laboratory work bench is also provided. The crew can control or
monitor the equipment and the subsystems of the Spacelab via a
computer keyboard and a visual display system.

At this time, Spacelab has three primary functions. It serves as
a research laboratory, an observation platform, and as a develop-
ment testing ground for future space ventures. In the future, it may
also act as a limited production facility in space.

Additional Reading

Cowles, J.R., et al. Growth and Lignification in Seedlings Exposed
to Eight Days of Microgravity. Annals of Botany, vol. 54,
Supl. 3, 1984, pp. 33-48.

Joels, K.M. and G.P. Kennedy. The Space Shuttle Operators Man-
ual. Ballantine Books, 1982.

Rycroft, M., ed. The Cambridge Encyclopedia of Space. Cam-
bridge University Press, 1990.
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Lord, D.R. Spacelab—An International Success Story. NASA
SP-487, 1987.

NASA. Science in Orbit: The Shuttle and Spacelab Experience
1981-1986. NASA NP-119, 1988.

NASA. STS Investigator's Guide. NASA Marshall Spaceflight Cen-
ter, unpublished report.
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MISSION PROFILE: STS-3/ OSS-1
Mission Duration: 8 days
Date: March 22-30, 1982

Life Sciences Research Objectives

To study the influence of microgravity on lignification in
plant seedlings

Life Sciences Investigations  [pp. 217-219]
Plant Biology (OSS-11.1, 1.2, 1.3)
Organisms Studied

Pinus elliotti (pine) seedlings
Avena sativa (oat) seedlings
Vigna radiata (mung bean) seedlings

Flight Hardware  [pp. 506-507]

Plant Growth Unit (PGU)
Publications [pp. 407-408]

STS-3/Office of Space Sciences (0SS-1)

The third Space Shuttle mission, STS-3, was launched on March 22,
1982 and completed on March 30, 1982. On this eight-day flight,
the Space Shuttle Columbia carried two crew members and a
payload designated OSS-1.

The STS-3 mission was the third in a series of four Shuttle
missions that constituted the Orbital Flight Test program. The
NASA Office of Space Science, now known as the Office of Space
Science and Applications, developed the OSS-1 payload. The pri-
mary objective of the Orbital Flight Test program was to assess the
performance of the orbiter and its flight systems. Because of this,
the objectives of the experiments in the OSS-1 payload were
secondary to, and constrained by, the flight test operations.

Nine experiments were included in the payload. Besides obser-
vations of the orbiter’s environment, studies were conducted in
space life sciences, astronomy, and space plasma physics. Specific
objectives of the OSS-1 payload were to observe aspects of the
orbiter’s environment with relevance to plasma physics and astro-
nomical payloads; to conduct scientific observations that demon-
strate the Space Shuttle’s research capabilities; and to evaluate
technology that may be applied to future experiments in space.

The experiments selected used many of the unique capabilities
of the Shuttle, such as the ability to carry large instruments into
orbit, to operate them in space under crew supervision, and to
return them to Earth. In many respects, OSS-1 was instrumental in
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preparing the way for more sophisticated payloads on later Shuttle
missions.

The life sciences experiment was carried on the Shuttle middeck.
All other experiments were mounted on a Spacelab pallet in the
orbiter’s cargo bay.

Life Sciences Research Objectives

The OSS-1 plant growth experiment was designed to determine if
lignification is a response to gravitational forces, or a genetically
determined process with little environmental influence. Lignin is a
structural polymer that enables plants to maintain a vertical stature
despite the pull of gravity. Although lignin is necessary for plant
growth in Earth gravity, it consumes a significant amount of a plant’s
metabolic output, and has no food value. Specific objectives of the
experiment were: to test the function of the Plant Growth Unit
(PGU) in supporting plant growth in space; to determine the effect
of microgravity on lignin synthesis; and to observe the overall devel-
opment of young seedlings exposed to the conditions of space flight.

Life Sciences Payload
Organisms

Plants used in the experiment were mung bean (Vigna radiata),
oat (Avenasativa), and pine (Pinuselliotti) seedlings. A gymnosperm
(pine) was used as the principal plant species because of its capacity
to synthesize large amounts of lignin; all gymnosperms are believed
to be affected by gravity. Young seedlings were used because of space
limitations and the relatively short flight duration. These seedlings

were germinated a few days before flight, so that significant growth
could occur during flight. Mung bean and oat seedlings were
selected as representatives of dicotyledons and monocotyledons
respectively, and were germinated only hours before launch. Six-
teen seedlings of each species were flown, in six plant growth
chambers.

Hardware

Since this was one of the first Shuttle experiments to use plants
as experimental subjects, a PGU was built to be used on this and
subsequent missions. The unit was designed to replace a locker on
the forward bulkhead of the orbiter middeck. It consisted of various
support components and a cavity for containing plant growth cham-
bers. The PGU was equipped with three plant growth lamps and a
timer for day/night cycling. Temperature sensors, electronically
controlled fans, heater strips for temperature modification, a data
acquisition system, and internal batteries were also included in the
unit. Plants were grown in six individual plant growth chambers that
fit into the PGU cavity (Fig. 4-25). Each chamber had a volume of
about two liters. The chamber base was fitted with a temperature
probe and two gas sampling ports. Seeds were planted in a “sand-
wich” support medium contained in the base of the chamber.

Operations

Preflight activities commenced about two weeks before launch,
when pine seeds were planted daily to ensure the availability of
enough seedlings. After seeds were sown in the plant growth
chambers, the chambers were sealed and purged with compressed
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air of a defined composition. The
chambers were loaded into the
flight and backup PGUs. The
backup unit was maintained in a
ground facility as a 1 g control,
and the flight unit was installed in
the orbiter. The PGU design al-
lowed the seedlings to be orient-
ed normally with respect to
gravity while the orbiter was on

the launch pad.

Because the PGU was a self-
sufficient system, it required little
attention during flight. The crew
transmitted temperature read-
ings of the growth chambers to
the ground several times daily, so

Figure 4-25: Two plant growth
chambers inside the PGU.

that these values could be com-
pared to the temperatures of the
control experiment.

The Shuttle landing was delayed by one day because of high
winds at the White Sands landing site in New Mexico. The exper-
iment teams saw the delay as an opportunity to perform additional
science. Unfortunately, science data could not be gathered during
the extra day because of the need to conserve the orbiter’s energy
resources.

Touchdown finally occurred at White Sands after a 194-hour
mission. A temporary laboratory had been assembled in a motor
home near the landing site. Once the PGU was recovered, gas
sampling and analysis, visual observations, and photography were
performed. Further analyses were conducted in the investigator’s
laboratory.

Results

The PGU functioned well in the space environment, and was
shown to be suitable for use on the upcoming STS-51F mission.
Several observations and measurements showed an apparent effect
of microgravity on plant growth and development. Plants grew
toward the light source as anticipated. Unexpectedly, however, the
roots of the plants also grew upward or towards the light source.
Positive indications that lignin synthesis is affected by microgravity
were examined further on the STS-51F mission.

Additional Reading

Chipman, E.G. Science and Technology Results from the OSS-1
Payload on the Space Shuttle. 33rd Congress of the Interna-
tional Astronautical Federation. September 27-October 2,
1982, Paris, France, IAF Paper 82-21.

Cowles, J.R., et al. Growth and Lignification in Seedlings Exposed
to Eight Days of Microgravity. Annals of Botany, vol. 54, Supl.
3, 1984, pp. 33-48.
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NASA. OSS-1 Mission Operation Report. NASA Report
E-835-03-82-01, 1982.

NASA. Spacelab 2. NASA EP-217, 1985.
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MISSION PROFILE: STS-51B/Spacelab 3

Mission Duration: 7 days
Date: April 28-May 5, 1985

Life Sciences Research Objectives

Evaluate operations and procedures for in-flight care of animals
Assess in-flight biocompatibility between animals and RAHF
Study physiological, morphological and behavioral changes

in animals

Life Sciences Investigations  [pp. 220-249]

Animal Maintenance (SL3-1.1,1.2)
Cardiovascular/Cardiopulmonary (SL3-2, 3)
Immunology/Microbiology (SL3-4)

Musculoskeletal (SL3-5, 6,7,8,9, 10, 11, 12, 13, 14, 15, 16)
Neuroscience (SL3-17, 18, 19)

Regulatory Physiology (SL3-20, 21, 22, 23, 24, 25, 26, 27,28, 29)

Organisms Studied

Saimiri sciureus (squirrel monkey)
Rattus norvegicus (rat)

Flight Hardware [pp. 540-549, 488-489, 466-467]
Research Animal Holding Facility
RAHF Rodent and Primate Cage Modules
Dynamic Environment Measuring System (DEMS)
Biotelemetry System (BTS)

Publications [pp. 409-419]

STS-51B/Spacelab 3

The STS-51B mission was launched onboard the Space Shuttle
Challenger on April 28, 1985 and recovered on May 5, 1985. The
mission was also called Spacelab 3 (SL-3), because it was the third
Shuttle mission scheduled to use the Spacelab.

Although the primary objective of the STS-51B mission was to
conduct materials science experiments in a stable low-gravity envi-
ronment, important research was conducted in life sciences, fluid
mechanics, atmospheric science, and astronomy. Scientists from
the U.S., France, and India carried out a total of 15 investigations
in these disciplines. The Shuttle carried a crew of seven, including
two payload specialists and three mission specialists.

Several life sciences investigations using nonhuman subjects
were conducted on the mission. This research was particularly
significant because it involved the introduction and flight verifica-
tion of the Research Animal Holding Facility (RAHF). The RAHF
is a self-contained system that houses and provides life support for
animals in space. Two RAHFs were flown on the mission, one
contained 24 rats and the other contained 2 squirrel monkeys.

Life Sciences Research Objectives

The primary life sciences research objective of the mission was to
evaluate the RAHF’s capability to maintain animals in an environ-
ment comparable to a ground-based vivarium. This is vital to
experiments conducted in space because uncompromised data on
the physiological and behavioral effects of microgravity can only be

92

Life into Space



obtained from healthy animals. In addition to fulfilling this objec-
tive, the mission provided valuable baseline data on various physi-
ological parameters. The mission was also able to address the issue
of possible risks to the crew’s health and comfort. This was of some
concern because for the first time, crew members and animals were
confined together within the enclosed environment of the
Spacelab.

Specifically, the research objectives for the SL-3 mission were
to: evaluate operations and procedures for in flight animal care;
assess in-flight biocompatibility between the animals and the
RAHF; gain mission operational experience; study the physiologi-
cal, morphological and behavioral changes that occur in animals as
a result of being contained in the RAHF's during space flight; and
verify the principal hardware elements to be flown on later mis-
sions.

Life Sciences Payload
Organisms

Two adult male squirrel monkeys (Saimiri sciureus) were flown
unrestrained in individual cages in the primate RAHF. The objec-
tive in flying these animals was to observe gross physiological and
behavioral changes in response to space flight, and to evaluate the
adequacy of the RAHF to house and support them in space.

Both monkeys were free of various specified pathogens. Only
six months prior to flight, it was decided that the monkeys should
also be free of antibodies to the Herpes saimiri virus, because of

crew safety considerations. Although the Herpes saimiri virus is not
known to cause disease in either squirrel monkeys or humans that
carry it, problems have been documented in other species. A
worldwide search was initiated to find Herpes saimiri-free animals.
Five were eventually located, but time limitations permitted only
two of them to be trained for flight. Instruments were notimplanted
in the monkeys because of time constraints.

The rodent RAHF contained 24 individually housed male albi-
no rats (Rattus norvegicus) that were certified free of several
specific pathogens. Half of the rats were rapidly growing juveniles,
weighing approximately 200 grams at flight. The remainder were
mature 12-week old rats, weighing approximately 400 grams at
flight. All rats were flown unrestrained. Before the flight, four of the
rats were surgically implanted with biotelemetry transmitters.

Hardware

Each primate cage contained a removable solid window
through which crew members could view the animal (Fig. 4-26). A
perforated window beneath this allowed limited access to the
animal. A temporary restraint system could be activated to restrain
the animal in flight in the event of an
emergency. Airflow directed urine and
feces to absorbent, removable trays be-
neath the grid floor of the cage. Two
infrared light sources and two activity
sensors located at opposite sides of the

cage were used to monitor animal

Rattus norvegicus, rat
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William Berry was the Chief of the Life
Sciences Flight Projects Office at ARC during
the Spacelab 3 era. A mechanical engineer by
training, he has been involved in several ARC
projects, including wind tunnel development,
Biosatellite III, the Biomedical Experiments
Scientific Satellite, Pioneer Venus, and Viking
Biology Instrumentation. He is currently
serving as Acting Director for Space Research
at ARC.

Berry described the way the RAHF came
to be flown on the Spacelab 3 mission. “It was
really fortuitous. The Vestibular Research
Facility had originally been scheduled to fly on
the mission. When it became obvious that this
facility was not going to be developed in time,
the idea of verifying the RAHF concept came
up. The science was later piggybacked on the
engineering verification of the RAHF.”

Spacelab 3 was the first mission to fly hu-
mans in close proximity with animals. “There
was a lot of opposition to the idea from the
astronauts,” says Berry. There was concern that

William Berry

the crew might be contaminated by the animals
because of the enclosed environment of the
Spacelab. During the flight, aleakin the RAHF
allowed some particulates to escape the animal
cages. “When this became public knowledge,
the popular press had a field day. But in reality,
there was never any danger of contaminating
the crew with pathogens from the animals.”

The purpose of flying the RAHF was to
enable the crew to handle the animals. “Be-
cause of this, we focused on flying “clean’ spec-
imens, rather than on building a system that
totally isolated the crew from the animals,”
Berry explains. Considerable effort was spent
to find monkeys that were not carrying the
Herpes saimiri virus.

At first, there was some concern that ani-
mal rights activists would react strongly to the
idea of having animal subjects aboard the
Spacelab. “This turned out to be a nonissue,”
Berry says. A member of the Humane Society
was invited to KSC to observe the preflight
operations. “There was no problem once it

became evident that the flight monkeys were
not going to come to any harm. Of course, we
made it clear that the flight rats were going to
be euthanized after the mission. But this was
only being done because we needed to under-
stand the effects of microgravity on body tis-

>

sue.

Berry realized the value of the Spacelab 3
mission. “It allowed us to solve a number of
problems that later benefited the Spacelab Life
Sciences-1 mission. One problem was getting
unanimous agreement on the definition of a
specific pathogen free animal. Finding a means
of moving the animals onto the Spacelab was
another hurdle that was successfully overcome.
But as far I was concerned, the most important
success criterion for the mission was bringing
the animals back alive. This really was one of
our main goals, whether stated explicitly or

I

not.
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Figure 4-26: Primate cage in the RAHF.

movement. Periodic video recordings were made of the monkeys to
evaluate their response to space flight.

Rodent cages were similar in design to the primate cages
(Fig. 4-27). Two rats were housed in each cage, separated by a
partition. A camera mirror system was installed to record the
movements and behavior of four of the rats during launch and re-
entry.

The RAHF's were designed to provide life support in a manner
comparable to vivarium housing on the ground. Besides providing
access to food and water and effective waste removal, the facility
also permitted environmental factors such as lighting, temperature,
and humidity to be maintained within a specified range. An environ-
ment control system circulated conditioned air through the cages to
control temperature and humidity, and facilitated air exchange with
the Spacelab.

Food and water consumption were monitored as an indicator of
animal well-being and a measure of the normalcy of circadian
periodicity. Water consumption was measured electronically when
the Lixit reservoirs in the cages refilled after being emptied by the
animals. Animals could manipulate a tap switch to activate feeders
filled with banana pellets. A pellet counter monitored food con-
sumption. Rodent food was presented in the form of a bar. The food
bar advanced as the rodents gnawed on its end, and consumption
was monitored by an event counter which sensed the forward
movement of the bar.
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The crew evaluated general animal well-being through the
viewing windows on the cages, and by monitoring food and water
intake using the Spacelab computer. An onboard control panel
could alert crew members to hardware malfunctions such as water
leaks.

An automated biotelemetry system (BTS) was used to monitor
animal body temperature, heart rate, and electrocardiograms. The
BTS consisted of a surgically implanted transmitter, an antenna on
each RAHF cage, a receiver, and electronic interfaces with a
dedicated computer. The output from the implanted sensors first
went to an onboard computer, which reformatted the data and then
transmitted it to the ground.

There were four monkey cages in the primate RAHF equipped
with BTS capability. However, physiological data was not obtained
from the two flight monkeys because neither was outfitted with
sensors. Physiological data was obtained from the four rats implant-
ed with biotelemetry transmitters.

Another measurement system, the dynamic environment mea-
surement system (DEMS), recorded noise, vibration, and acceler-
ation levels in the immediate vicinity of the RAHF during launch Figure 4-27: Rodent cage in the RAHF.
and re-entry. This data was expected to be important for designing
future experiments and for interpreting results of studies affected
by the environment outside the RAHF.
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Operations

The execution of the mission involved si-
multaneous activities at three NASA cen-
ters: Hangar L at KSC in Florida, ARC in
California, and the Payload Operations
Control Center at JSC in Texas. Although
the mission was successful, several obsta-
cles had to be overcome at various stages
during mission development and the in-

flight period.

Design, testing, and successful hard-
ware integration required a major coopera-
tive effort between the various NASA
centers involved in the mission. The RAHF
was originally designed as an animal trans-
porter to be launched in the middeck of the
Shuttle. It was to be installed in the
Spacelab after launch. This concept was
abandoned because it was difficult to move
the bulky transporter down the tunnel con-
necting the middeck and Spacelab. The
idea of mounting the transporter in the
Spacelab aisle in order to maintain the ver-
tical orientation of the animal cages at land-
ing also turned out to be impracticable. The
final design involved installing individual

[ (9)]
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Figure 4-28: The MVAK allows biological
materials to be loaded into the Spacelab late
in the STS launch sequence, after the
spacecraft has been assembled and placed in
vertical position: (a) orbiter middeck; (b)
animal cage being lowered through tunnel

connecting middeck and Spacelab; (c)
Spacelab; and (d) RAHF.

cages in the RAHF while the Shuttle was in its
vertical position on the launch pad. This
meant that the animals would be resting on
the cage side at landing.

A winch system, the Module Vertical Ac-
cess Kit (MVAK), was designed to perform
the complicated operation of loading animal
cages and personnel from the middeck of the
vertically oriented orbiter into the Spacelab
below, while on the launch pad (Fig. 4-28).

Mission operation procedures also had to
be modified considerably to accommodate
animal welfare and life sciences experiment
requirements. Late loading of animals into
the Spacelab before launch was vital because
of animal welfare concerns and because this
operation had to be performed during the
light phase of the animals’ light/dark cycle.
Likewise, early removal after landing was
necessary in order to conduct postflight stud-
ies on the animals before they readapted to
Earth gravity.

The main problem that arose during flight
was the release of particulates from the ani-
mal enclosures into the Spacelab during
maintenance operations. Despite the consid-
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erable publicity drawn to this problem, postflight analyses showed
that neither the crew nor the animals were adversely affected.
However, it was recommended that the faulty subsystems be rede-
signed before flying the hardware a second time. Malfunctions in
the leak alarms for the water systems in the primate cages and in
three of the rodent cages were also noted. The monkeys’ drinking
behavior pattern in space set off the leak alarms, pointing to a need
for higher leak alarm settings in future missions. Fouling of activity
sensors, viewing windows, and temporary restraint systems oc-
curred because of the way in which the animals oriented themselves
during waste elimination. No other significant problems were ob-
served in flight, and the hardware was shown to be capable of being
flown again after modification.

The orbiter’s landing site was changed from KSC to the Dryden
Flight Research Facility in Southern California approximately two
weeks before the mission. Postflight procedures had to be hastily
revised to accommodate this change, but the animals were recov-
ered without incident.

Results

The monkeys and rats were recovered in good condition, healthy
and free of microbiological contaminants. Postflight tissue analyses
were not performed on the flight monkeys. The flight rats were
euthanized a few hours after recovery and their tissues subjected to
a variety of tests. Control rats on the ground were euthanized and
analyzed in the same manner shortly after. Several changes were
noted in the flight animals as compared with ground control ani-

mals. These changes are summarized below. Detailed results of
science studies are categorized by discipline and described in
Appendix 1.

Squirrel Monkeys

Both monkeys ate less food and were less active in flight than on
the ground. One monkey adapted quickly to the microgravity
condition. The other monkey exhibited symptoms characteristic of
Space Adaptation Syndrome, consuming no food and little water
during the first four days of flight. On the fifth day of flight, after
being hand-fed banana pellets by the crew, its behavior became
more comparable to that of the first flight monkey.

Rodents

Some of the changes seen in flight rats, such as absence of
interferon production by spleen cells, lower plasma concentration
of osteocalcin, and heightened marrow sensitivity to erythropoi-
etin, may have been influenced by the 12-hour period between
landing and sample acquisition.

Postflight analyses of rat tissue indicated that the rats had not
been exposed to prolonged or significant stress. Growth curves
were parallel for all rats. The rats consumed more water during the
mission, the circadian rhythm of food intake changed, and body
temperature decreased during the animals’ active phase.
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The rats had decreased muscle tone and muscle mass after
flight. There was a shift from aerobic to glycolytic metabolism.
More fast- twitch muscles were seen in the rats’ soleus muscles after
flight. Significant changes were also noted in the bone of the flight
rats. Bone mass, and bending and tensile strength were reduced.
Bone changes that occurred during this 7-day mission were found
to be much greater than the changes noted in tail suspension studies
(simulated microgravity studies) conducted for 28 days. Spleen cell
production of interferon significantly decreased, which may be
indicative of an impaired immune response.

Metabolic changes noted included a shift from a lipid-based to
carbohydrate-based metabolism. Changes were seen in brain me-
tabolism and receptors and in the vestibular apparatus. Growth
hormone synthesis was decreased. Thymus gland and testes weights
were reduced after flight. In cardiac muscle, glycogen and lipid
deposition increased and muscle cell microtubules decreased.

In general, the postflight changes noted in rats were similar to
the changes observed in humans, and were consistent with the
findings of the Soviet Cosmos program.

The life science research objectives of the SL-3 mission were
accomplished in no small measure. Operations and procedures
developed for mission care of the animals were satisfactory. These
included the design modifications made to the RAHF's and the STS
to accommodate the payload, the MVAK procedures, late and early
access procedures to ensure animal welfare and uncompromised

science results, and crew operations within Spacelab. Recovery of
healthy unstressed animals demonstrated that the RAHFs were
capable of adequately housing and supporting animals in space. The
operational experience gained by the personnel involved was ex-
pected to be valuable for conducting more complex missions in the
future. The amount of data gathered on the physiological,
behavioral, and morphological responses of the animals to micro-
gravity surpassed all expectations. The hardware being flight tested
was verified from an operational and engineering standpoint and
subsystems requiring modifications were identified.

Additional Reading

Callahan, P.X., W.A. Lencki, and C. Dant. Spacelab-3 Ames Re-
search Center Life Sciences Payload, Final Report. Unpub-
lished report, date unknown.

Callahan, P.X., W.A. Lencki, C. Schatte, G.A. Funk, R.E. Grinde-
land, G. Bowman, and W. Berry. Ames Research Center Life
Sciences Payload—Overview of Results of a Spaceflight of 24
Rats and 2 Monkeys. AIAA Paper 85-6092, November 1985.

Callahan, P.X., C. Shatte, G. Bowman, et al. Ames Research Center
Life Sciences Payload: Overview of Results of a Spaceflight of
24 Rats and 2 Monkeys. ATAA Paper 86-0583, January 1986.

Callahan, P.X., J. Tremor, G. Lund, and W. Wagner. Ames Research
Center Life Sciences Payload Project for Spacelab Mission 3.
SAE Paper 831094, July 1983.
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Fast, T., et al. Rat Maintenance in the Research Animal Holding
Facility During the Flight of Spacelab-3. Unpublished report,
Abstract 83.2, 36th Annual Fall Meeting, American Physiolog-
ical Society, Buffalo, New York, October 13-18, 1985, p. 375.

Fast, T., et al. Rat Maintenance in the Research Animal Holding
Facility during the Flight of Spacelab-3. Abstract S-187-188,
Proceedings of the 7th Annual Meeting of the IUPS Commission
on Gravitational Physiology, Niagara Falls, New York, October
1985.

Fichtl, G.H., et al. Spacelab-3 Mission Science Review. NASA
CP-2429, 1987.

NASA. Spacelab-3. NASA-EP-203, 1984.

Rasmussen, E. Life Sciences Payload Spacelab-3. NASA News,
December 1984.

Schatte, C.L., et al. Spacelab-3 60-Day Report. Unpublished re-
port, 1985.

Schatte, C., R. Grindeland, P. X. Callahan, G. Funk, W. Lencki, and
W. Berry. Animal Studies on Spacelab-3. NASA TM-88212,
January 1986.
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MISSION PROFILE: STS-51F/Spacelab 2

Mission Duration: 7 days

Date: July 29-August 6, 1985

Life Sciences Research Objectives

To study the effects of microgravity on plant lignification
Life Sciences Investigations  [p. 250 ]

Plant Biology (SL2-1)
Organisms Studied

Pinus elliotti (pine) seedling
Avena sativa (oat) seedling
Vigna radiata (mung bean) seedling

Flight Hardware  [pp. 506-507]

Plant Growth Unit (PGU)
Publications [p. 419]

A

STS-51F/Spacelab 2

The return to Earth of the Space Shuttle Challenger on August 6,
1985, ended the STS-51F mission which had been launched on
July 29, 1985. A number of science and engineering tests were
conducted with great success on the eight-day mission.

The mission was also called Spacelab 2, even though it was actually
the third mission to use the Spacelab facility. The mission had originally
been scheduled to fly before Spacelab 3, but it was delayed because a
major hardware item had to be redesigned. Spacelab 2 afforded an
opportunity for the first engineering tests and scientific application of
the instrument pointing system developed by ESA. The remote manip-
ulator system was also employed on the mission, to release and capture
a small satellite. The manned Spacelab module was not used on the
mission, but the ESA igloo and three instrument-laden pallets were
employed. Three other experiments were installed inside the orbiter.
A seven-member crew including two payload specialists participated in
the mission.

Although the principal objective of the mission was to verify the
pallets only mode of the Spacelab and the sophisticated instrument
pointing system of the STS, 13 scientific investigations were also
conducted. Areas studied were plasma physics, infrared astronomy,
high-energy astrophysics, solar physics, atmospheric physics, tech-
nology research, and life sciences.
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Life Sciences Research Objectives

Two life sciences investigations were conducted aboard the orbiter.
One dealt with vitamin D metabolites and bone demineralization in
microgravity, and used humans as experimental subjects. The ex-
periment was developed and managed by JSC, and is, therefore,
outside the scope of this book. The main objective of the other
experiment was to determine the effect of microgravity on lignin
production in higher plants. A second objective was to study overall
seedling growth and development in space. The investigation was
an extension of an earlier study carried out on the STS-3 mission in
1982.

Life Sciences Payload
Organisms

As for the experiment on STS-3, the specimens used for the
study were mung bean (Vigna radiata), oat (Avena sativa), and pine
(Pinus elliotti) seedlings. Seedlings were grown in enclosed cham-
bers resembling terrariums. Mung beans were planted in four
chambers, oats in two, and pine seedlings in eight. Mung beans and
oat seeds were planted 16 hours before launch; germination oc-
curred in space. Pine seedlings were either 4 or 10 days old at
launch.

Hardware

The airtight seedling chambers were equipped with tempera-
ture probes and gas-sampling ports. Two rows of eight seeds were

planted in each chamber, within a synthetic sandwich prepared
from a wicking material and spongy foam. An agar matrix at the base
of the chamber supplied water and nutrients to the seedlings
through the wick. The small plant growth chambers were designed
to fit inside two PGUs, each of which contained three plant growth
lamps, a timer to provide day/night cycling, temperature sensors,
electronically controlled fans, a data acquisition system, and inter-
nal batteries. Up to six growth chambers could fitin a PGU. The two
PGUs replaced two lockers on the forward bulkhead of the Shuttle
middeck. Both PGUs were used in a postflight control experiment
after the end of the flight phase of the experiment.

Operations

Preflight activities for the experiment were initiated at KSC 15 days
before launch. Activities included planting seeds, assembling the
growth chambers, exchanging atmospheric gas in the sealed cham-
bers with a defined gas, photography of the chambers, and loading
of chambers into the PGUs.

The launch itself was complicated by several problems which
occurred on the launch pad. Because of a main engine failure, the
Shuttle employed an orbit about 74 km below the planned 374 km
altitude. The lower orbit was disadvantageous to some of the
scientific investigations, but the extension of the mission from
seven to eight days provided partial compensation.

Little in-flight support of the plant experiment was required. A
crew member read and recorded the temperatures of the PGUs,
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and checked the equipment two or three times on each flight day.
The crew also photographed the plant seedlings and sampled the
atmospheric air in the growth chambers.

Upon mission termination, the Shuttle landed at the Dryden
Research Facility in California, where a temporary laboratory had
been established. The laboratory received the two PGUs two hours
after the Shuttle landed. Gas samples were taken from the growth
chambers, and the plants were observed and photographed before
tissue sectioning and preservation.

An Earth-gravity control experiment was conducted at KSC
during the postflight period. PGUs were installed in an environ-
mentally controlled facility for this purpose. The time and temper-
ature profiles of the flight were closely simulated in this
experiment.

Results

The quantity and quality of scientific data gathered on the mission
was remarkable, particularly in light of the interactive complexity of
the scientific program, and the technical difficulties that occurred
early in the mission.

It was concluded that plant seeds are able to germinate, and
seedlings to grow, in the space environment. Some problems in
orientation were noted in mung beans during germination and early
growth. Root orientation was somewhat disturbed in oats. Both
mung beans and oats exhibited a reduced growth rate. Lignin was

significantly reduced in all three species grown in microgravity,
providing direct evidence that gravity is an important factor in
lignification.

Additional Reading

Cowles, J.R., R. Lemay, and G. Jahns. Microgravity Effects on Plant
Growth and Lignification. Astrophysical Letters, vol. 27, 1988,
pp. 223-228.

Cowles, J.R., et al. Lignification on Young Plant Seedlings Grown
on Earth and Aboard the Space Shuttle. N.G. Lewis and M.G.
Paice, eds., Plant Cell Wall Polymers, Biogenesis and Biodegra-
dation, 1989.

Henize, K.G. Spacelab-2: A Preview. Sky and Telescope, vol. 70, no.
1, July 1985, pp. 5-6.

NASA. Spacelab-2. NASA EP-217,1985.

Rycroft, M., ed. The Cambridge Encyclopedia of Space. Cambridge
University Press, 1990.

Urban, E.W. and K.S. Clifton. The Spacelab-2 Mission—An Over-
view. Astrophysical Letters, vol. 27, no. 1, 1988.
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MISSION PROFILE: STS-34/GHCD

Mission Duration: 5 days
Date: October 18-23, 1989

Life Sciences Research Objectives
To study the concentration and distribution of growth
hormone in plants

Life Sciences Investigations  [p. 254]

Plant Biology (GHCD-1)
Organisms Studied

Zea mays (corn) seedlings
Flight Hardware  [pp. 500-501, 554-555, 504-505]

Passive Freezer

Temperature Recording System-Mod 1:
4-Channel Ambient-Temperature Recorder
Plant Canisters

Publications [p. 420]

STS-34/Growth Hormone and Concentration
Distribution (GHCD)

The 5-day STS-34 mission was launched on the Shuttle Atlantis on
October 18, 1989 and landed on October 23. ARC-developed
payload in the Shuttle middeck was designated Growth Hormone
Concentration and Distribution (GHCD).

Life Sciences Objectives

The GHCD was designed to satisfy the requirements of a plant
growth experiment. The objective of the experiment was to charac-
terize the effect of microgravity on indoleacetic acid, a plant growth
hormone. Ground studies had established that a gravitational stim-
ulus causes rapid hormonal changes in the plant. As indoleacetic
acid concentration increases in the lower part of the stem, the stem
reorients and grows upward. An understanding of this effect was
expected to lead to finding the gravity-detecting device in plants.

Life Sciences Payload
Organisms

Sweet corn (Zea mays) seedlings of the Silver Queen variety
were used for the experiment. The seedlings were grown in com-
plete darkness for the duration of the flight to eliminate the effects
of light on orientation.
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Hardware

Four hollow stainless steel canisters were used to hold the
seedlings in flight. Twenty-six corn kernels were individually
wrapped in filter paper and placed in each of the four canisters.
Eight similar canisters were prepared for use in the two ground
control experiments.

A battery-operated ambient temperature recorder was located
between each pair of canisters. A passive liquid nitrogen freezer was
used to freeze the seedlings in two of the flight canisters during the

flight.
Operations

Two ground control experiments were carried out in support of
the flight experiment. One was conducted at the same time as the
flight experiment. The other was conducted postflight to simulate
the temperatures experienced by the flight specimens. Specimens
in both ground control experiments were frozen after being allowed
to grow for the same length of time as the flight specimens.

The seeds were planted in the canisters and kept in total
darkness prior to the flight. Water was added to the canisters 17
hours before launch.

On the fifth flight day, a crew member placed two of the flight
canisters in the liquid nitrogen freezer to arrest plant growth and to
preserve the growth hormone in the plant tissue. The seedlings in
these two canisters had a total growth period of 125 hours.

The two unfrozen flight canisters were frozen shortly after the
Shuttle landed. The seedlings in these canisters had a growth period
of 137 hours.

All specimens were analyzed for growth hormone, cellular
structure, lignin, polysaccharides, mRNA, and proteins.

Results

There were no significant chemical perturbations in the seedlings
exposed to microgravity. There were almost no differences in
indoleacetic acid content in flight and control seedlings. The meth-
ods and equipment used in the experiment appeared to be suitable
for comparing seedlings exposed to microgravity and terrestrial
gravity.

Additional Reading

Schulze, A., et al. Studies on the Growth and Indole-3-Acetic Acid
and Abscisic Acid Content of Zea mays Seedlings Grown in
Microgravity. Plant Physiology, vol. 100, no. 2, 1992,
pp. 692698
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MISSION PROFILE: STS-32/CNCR

Mission Duration: 11 days
Date: January 9-20, 1990
Life Sciences Research Objective

To study circadian rhythms in fungae
Life Sciences Investigations  [p. 255]
Regulatory Physiology (CNCR-1)
Organisms Studied
Neurospora crassa (fungus)
Flight Hardware  [pp. 522-523, 554-555]
Race Tube Packages

Temperature Recording System—Mod 1:
4-Channel Ambient Temperature Recorder

Publications  [p. 420]

L\

STS-32/Characterization of Neurospora Circadian
Rhythm (CNCR)

The Space Shuttle Columbia was launched on the STS-32 mission
on January 9, 1990. Launch had originally been scheduled for
December of the previous year, but problems with the newly
refurbished launch pad at KSC resulted in some delays. The mission
terminated on January 20, 1990 when Columbia touched down at
Edwards Air Force Base.

STS-32’s primary objectives were to deploy a satellite, and to
retrieve the Long Duration Exposure Facility which had been
placed into Earth orbit in 1984. Secondary objectives included the
completion of several scientific investigations.

The only ARC payload on the mission was designated Charac-
terization of Neurospora Circadian Rhythms (CNCR).

Life Sciences Research Objectives

The CNCR experiment had previously flown on the STS-9 mission.
(The STS-9 experiment was not managed by ARC.) The CNCR
payload on STS-32 was designed to determine whether circadian
rhythms could persist in the absence of known geophysical and
environmental time cues. An internally generated rhythm of about
24 hours regulates many animal and plant processes on Earth. This
rhythm may be affected by many environmental factors; stimuli
such as light and gravity may be cues for the phenomenon.
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Life Sciences Payload
Organisms

The experimental specimen was pink bread mold (Neurospora
crassa). This filamentous fungus displays a circadian rhythm in the
formation of asexual spores, or conidia. The rhythm can be noticed
as a pattern because low growing surface mycelia alternate with
portions of mycelia containing spore-forming filaments. The
rhythm appears to be endogenously generated. The purpose of the
experiment was to test this hypothesis and to determine whether
Neurospora possesses a gravity-

with the csp strain. The second container had 12 tubes with bd and
13 with csp. The third had five tubes with bd, five with csp. The first
and second containers each also had three syringes for gas sampling
and a pen for marking growth fronts. The third had an ambient
temperature recorder. The race tubes in each container were
wrapped with tape. The tubes in the first container were also
wrapped with red filters (Fig. 4-29).

Four similar packages were used as synchronous ground con-
trols. These were kept in incubators, in constant darkness, at 25°C
and 70 percent humidity.

sensing system that can affect physi-
ological function. Two strains of the

Other ground control stud-
ies were performed postflight
to differentiate between ef-

fungus were used. The csp strain has
a well-defined rhythm that is not

[ Agar fects caused by gravity and

very susceptible to environmental

layer those caused by factors related
to the environment in the or-

disruptions. The bd strain is less sen- ide vi
(side view) biter middeck. The Orbital E
sitive than the csp to carbon dioxide _ iter middeck. 1he Orbital En-
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evels. point 24 hours of growth 21.5 hours of growth . .
y .| was used to simulate ambient
Hardware o ;:%._ I — SRk - b environmental flight condi-
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container had seven race tubes inoc-

Fungal cultures were grown in
constant light during the pre-

ulated with the bd strain and eight gigyre 4-20: Race wbe culture.

flight period, and then trans-
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ferred to constant darkness to initiate expression of the rhythm in
conidia formation.

A crew member marked the growth front of the fungal culture
on the race tubes in the first flight container 10 hours after launch,
and on flight days 6, 9, and 10. The red filters enclosing the tubes
prevented the cultures from being exposed to light to which the
circadian rhythm is sensitive. Growth fronts on the race tubes in the
second package were marked in ambient light at the same times as
the first package. The tubes in the third package were marked only
on flight days 6, 9, and 10. A crew member also sampled the gas in
the tubes inside the first and second containers during the flight.

Results

The circadian rhythm of conidiation in Neurospora was found to
persist in space, with small fluctuations in period and amplitude.
There were, however, diurnal oscillations in temperature and car-
bon dioxide levels on the middeck. The results are suggestive of an
endogenously controlled circadian pacemaker whose timing is
modified by environmental factors. The data also suggest that
Neurospora possesses a gravity sensing system that provides input
into the pacemaker. Finally, there was evidence of increased
growth rate during space flight, which was not dependent on
thermally induced acceleration.

Additional Reading

Ferraro, |.S., et al. Biological Clocks in Space: Preliminary Results
of STS-32 Middeck Life Science Experiment CNCR-01.
ASGSB Bulletin, vol. 4, no. 1, 1990, p. 76.
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MISSION PROFILE: STS-41/ PSE

Mission Duration: 4 days
Date: October 1-5, 1990
Life Sciences Research Objectives

To study growth hormone deficiency-related changes
occurring in microgravity and to determine if growth
hormone therapy can ameliorate negative effects

Life Sciences Investigations  [p. 256]
Regulatory Physiology (PSE-1)
Organisms Studied
Rattus norvegicus (rat)
Flight Hardware  [pp. 460-461]

Animal enclosure module (AEM)
Publications [p. 420-421]

W

STS-41/Physiological Systems Experiment

The Physiological Systems Experiment was launched on October 1,
1990, on STS-41, a four-day Space Shuttle mission. The experiment
was designed by Genentech, Inc., in San Francisco, California and
sponsored by the Center for Cell Research at Pennsylvania State
University, one of NASA’s 16 centers for the Commercial Develop-
ment of Space. The payload was managed by ARC. The venture
between the three groups resulted in the first commercial space
research project in the life sciences.

Results of previous studies have indicated that microgravity
accelerates reduction in bone calcium, body mass, and immune cell
function. A significant reduction in bioactive growth hormone has
also been noted in rats undergoing orbital space flight. The collab-
orative NASA/Pennsylvania State/Genentech project was aimed at
extending these findings through a series of flight and ground-
based experiments. Besides its potential commercial value, the
project was expected to expand medical knowledge regarding the
treatment of human bone diseases, organ regeneration and trans-
plantation, and immune and skeletal muscle cell deficiencies.

Early identification of biologically important compounds would
likely provide Genentech with a competitive advantage in the
marketplace. At the same time, such knowledge would enhance the
U.S. position as a biotechnology leader in the international arena.
Private business participation is also particularly advantageous for
offsetting some space exploration and research costs.
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Life Sciences Research Objectives

The objective of the experiment was to test
the hypothesis that a growth-hormone-defi-
cient state contributes to bone loss and de-
creased function of specific tissues in
microgravity. The investigators expected that
replacement with recombinant growth hor-
mone would retard these changes in the pres-
ence of adequate nutrition and exercise.

Life Sciences Payload
Organisms

Sixteen normal adult male rats (Rattus
norvegicus) were used in the flight study.
Each rat was implanted with two osmotic
pumps (Fig. 4-30), which delivered controlled
amounts of hormones to the animals.

In eight rats, the pumps contained recom-
binant growth hormone developed by Genen-
tech. The other eight rats served as in-flight
controls and were not treated with the recom-
binant hormone.

Two ground—control experiments were
also conducted. Each control group contained
eight rats treated with recombinant hormone
and eight untreated rats. One control group

- ——— @

Figure 4-30: The elements of an osmotic pump:
(a) drug solution leaving through delivery portal;
(b) removable cap; (c) impermeable reservoir

wall; (d) osmotic agent; (e) semipermeable
membrane;  (f) water entering through

semipermeable

membrane; and (g) reservoir.

was maintained under standard laboratory
conditions. The other ground control con-(a)
sisted of rats that were maintained in a sim-
ulated microgravity condition by using the
tail-suspension model.

Hardware

Rats were housed in two animal enclo-
sure modules (AEMs) provided by ARC.
Each AEM could house up to six rats, de-
pending on animal size. The AEM included
a stainless steel grid cage module, interior
lamps, a water unit, and food bars glued on
the cage walls. Fan blowers directed animal
wastes into a collection plenum. A layered
filter system provided biological isolation
between the animals and the crew. Light was
provided for 12 hours each day. Osmotic
pumps were supplied by Genentech.

Operations

Preflight activities included selection of
flight animals and surgeries to implant the
osmotic pumps.

No in-flight operations were required
except daily monitoring of AEMs and ani-
mals by crew members. Environmental
parameters in the AEM were automatically
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monitored, and food and water were available to the animals on a
preprogrammed schedule.

The rats were returned to the investigators’ laboratory within a
few hours after the Shuttle landed at Edwards Air Force Base in
California. They were euthanized approximately five hours after
landing. The osmotic pumps were removed. The solutions remain-
ing in the pumps were measured for recombinant growth hormone
content. Investigators also performed analyses to assess the func-
tion of the pumps.

Results

The flight animals were found to be in excellent condition after the
flight. It was concluded that recombinant growth hormone can be
preserved for four days, and that osmotic minipumps can success-
fully deliver the hormone to rats in microgravity. However, an
elevated ambient temperature in the Shuttle’s middeck may have
compromised the experiment’s outcome. A series of some 2500
biological measurements and evaluations were conducted by re-
searchers at Genentech and the Center for Cell Research during
the postflight period. The results of those investigations cannot be
reported here because of their proprietary nature.

Ad(ditional Reading

Cronin, M., J. Battersby, W. Hancock, R. Schwall, and R. Clark.
Delivery of Recombinant Human Growth Hormone to Rats
During Exposure to Microgravity on NASA Space Shuttle
Discovery. Proceedings of the 13th Annual Meeting of the IUPS

Commission on Gravitational Physiology, vol. 35, no. 1, Febru-
ary 1992, pp. S51-S52.

Morey, E.R. Spaceflight and Bone Turnover: Correlation with a
New Rat Model of Weightlessness. Bioscience, vol. 29, 1979,
pp- 168-172.

NASA. Life Sciences Laboratory Equipment Catalog. NASA TM-
89289, June 1987.

NASA. Recent Flight Results: STS-41. Commercial Space Develop-
ments, vol. 1, no. 3, 1990.

NASA. Recent Flight Results: STS-41. Commercial Space Develop-
ments, July/August 1991.
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MISSION PROFILE: STS-8/SSIP

Mission Duration: 6 days
Date: August 30—September 5, 1983
Student Investigator:  Daniel |. Weber
Corporate Sponsor: Pfizer, Inc., Groton, Connecticut;
General Dynamics Convair Division, San Diego, California
Life Sciences Research Objectives
Totest performance of the animal enclosure module (AEM)
Life Sciences Investigations  [p. 251]
Animal Maintenance (SSIP-8)
Organisms Studied

Rattus norvegicus (rat)
Flight Hardware  [pp. 460-461]

Animal enclosure module (AEM) (prototype)
Publications [p. 408]

MISSION PROFILE: STS-10/SSIP
Mission Duration: 8 days

Date: February 3-11, 1984

Student Investigator:  Daniel |. Weber

Corporate Sponsor:  Pfizer, Inc., Groton, Connecticut;
General Dynamics Convair Division, San Diego, California

Life Sciences Research Objectives

To study the gravity-related component in arthritis
development

Life Sciences Investigation  [p. 252]
Musculoskeletal (SSIP-10)
Organisms Studied

Rattus norvegicus (rat)
Flight Hardware  [pp. 460-461]

Animal enclosure module (AEM)
Publications [p. 408]
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MISSION PROFILE: STS-29/SSIP

Mission Duration: 5 days
Date: March 13-18, 1989

Student Investigator:  Andrew Fras

Corporate Sponsor:  Orthopedic Hospital, University of
Southern California, Los Angeles, California

Life Sciences Research Objectives

To study the effect of microgravity on bone fracture
healing

To study development in microgravity
Life Sciences Investigations  [p. 253]
Musculoskeletal (SSTP-29)
Organisms Studied
Rattus norvegicus (rat)
Flight Hardware  [pp. 460-461]

Animal enclosure module (AEM)
Publications  [p. 420]

A

Student Shuttle Involvement Program (STS-8, STS-10,
and STS-29)

The Shuttle Student Involvement Program (SSIP) is sponsored
jointly by the National Science Teacher’s Association and NASA.
The program gives students in U.S. secondary schools the opportu-
nity to propose experiments for flight on the Space Shuttle. A
contest is held every year to select experiments for flight. Each
experiment is sponsored by an individual or organization in the
private sector.

ARC has been involved in three SSIP life sciences experiments.
These were flown on STS-8, STS-10, and STS-29.

Missions
STS-8

The six-day STS-8 mission was launched on August 30, 1983.
The performance of the AEM was tested during the flight. The
AEM had been built for an SSIP experiment that was to be flown on
STS-10, and it had to be tested during space flight to ensure that the
experiment’s objectives could be achieved.

Six gnotobiotic Lewis Wistar rats were used as test subjects.
Because the microbial flora found in the rats were known, the
investigator hoped to determine if the AEM was able to contain
microorganisms without leaking into the environment outside the
AEM. By the same rationale, it was expected that it would be
possible to determine whether microbes from the crew had leaked
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into the AEM and contaminated the rats. Control studies were
performed on the ground using identical groups of rats.

Preflight and postflight cultures were made of the bacterial
flora found in the animals, the AEM, and the food and water
sources. The AEM was shown to be capable of maintaining the rats
in good health. Two microorganisms were found in the animals
postflight that had not been present preflight. These were presum-
ably introduced by the potatoes that had been provided as a food
and water source. An alternative explanation was that the AEM had
not been properly sterilized preflight. Since the microorganisms
were not found in the exhaust system of the AEM, it was concluded
that the AEM was able to maintain biological material in isolation.

STS-10

The STS-10 SSIP experiment was conducted on an eight-day
mission that began on February 3, 1984. Two corporate sponsors
were involved in the experiment because of its complex nature.
General Dynamics designed and developed the animal housing
unit, and Pfizer, Inc., helped the student investigator to define the
science aspects of the experiment. The objective of the experiment
was to test the hypothesis that development of arthritis has a
gravity—related component.

Six rats were used in the flight experiment. Three of the rats
were healthy. The other three were injected with complete Fre-
und’s adjuvant, which stimulates an arthritic response that has
many characteristics in common with human rheumatoid arthritis.

The spread of the disease was less extensive in flight rats than in
the ground controls, indicating that lowered gravity conditions may
have been beneficial.

STS-29

The five-day STS-29 mission, which occurred from March 13-
18, 1989, flew two SSIP life sciences experiments. Only one of these
was developed by ARC. Its objective was to study the effects of
weightlessness on the healing of bone fractures. Four specific
pathogen-free Long Evans rats with bone fractures were flown
inside an AEM. A microgravity rodent bottle provided water for the
rats. Tissues from flight rats, ground controls, and tail-suspension
controls (simulated microgravity) were examined postflight by light
and electron microscopy. Results indicated that healing of fractures
is delayed in rats maintained in actual and simulated microgravity.

Additional Reading

Bungo, M.W., et. al, eds. Results of the Life Sciences DSOs
Conducted Aboard the Space Shuttle 1981-1986. NASA TM-
58280, May 1987.

Halstead, T.W. and P.A. Dufour, eds. Biological and Medical
Experiments on the Space Shuttle 1981-1985. NASA
TM-108025, 1986.

Morey-Holton, E.R., P.D. Sebesta, A.M. Ladwig, ].T. Jackson, and
W.M. Knott III. NASA Newsletters for the Weber Student
Shuttle Involvement Project. NASA TM-101001, November
1988.
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Marshall, G.J., AI Fras, M.E. Kirchen, J.R. Sweeney, K.M.
O’Connor, and S.]J. Stover. Microgravity vs. Weight Bearing vs.
Gravity Suspension: Systemic Effects in the Rat. ASGSB Bul-
letin, vol. 5, no. 1, D-11, October 1991, p. 29.

NASA. Shuttle Student Involvement Project Experiment Integra-
tion Plan. JSC-17990, June 1988.

NASA. Launch and Land Your Experiment. Student Guide,
NSTA-NASA Space Shuttle Student Involvement Program,
unpublished report.
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STS Missions After 1990

Several STS missions with ARC-developed life sciences experi-
ments were flown between 1990 and the completion of this book in
June 1994. These missions are briefly introduced here, and include
dedicated Spacelab missions and experiments flown in the Shuttle

middeck.
Spacelab Missions

The STS-40 mission launched in June 1991 was the first Space
Shuttle mission to be dedicated to life sciences research in space.
The payload was termed Spacelab Life Sciences-1 or SLS-1. Inves-
tigators from several countries conducted experiments on crew
members, rats, jellyfish, and cells. Investigators from the U.S.S.R.
were invited to participate in response to the many opportunities
provided through the Cosmos Program (see page 118). In addition,
tissue samples were also received by investigators from Canada,
France, Germany, and Australia.

The general objectives of the SLS-1 investigations were to
understand some acute and longer-term responses of living organ-
isms to the space environment, and to help define adequate phys-
iological and performance countermeasures for humans in space.
The responses of the cardiovascular, renal/endocrine, circulatory,
immune, musculoskeletal, and neurovestibular systems to the mi-
crogravity environment were studied. Equipment essential for
later life science missions was tested on SLS-1. Included were a
redesigned RAHF, an instrument for measuring mass, a refrigera-

tor/incubator module, a general purpose work station and a transfer
unit.

The SLS-2 payload, launched in October 1993 as STS-58,
repeated and expanded some of the studies that were conducted on
the SLS-1 mission. General research objectives included investiga-
tions regarding bone growth, muscle atrophy, hematology, and
vestibular functions. Two RAHF's housed a total of 48 rodents, the
largest animal payload to date. For the first time on SLS-2, blood
draws and tissue dissections were conducted in space, allowing
investigators to further differentiate microgravity effects from
those associated with landing and re-adaptation to Earth gravity.
For in-fight manipulation of the animals, a rodent cage was inserted
into the general purpose transfer unit and carried to the general
purpose work station, where the rodents were removed by payload
specialists. Special equipment was developed to facilitate animal
operations in the absence of gravity.

While investigators for SLS-1 were required to share research
subjects, for SLS-2 each of the primary U.S. investigators had their
own group of rodents, which allowed each investigator to design
their own collection protocol. Investigators from Russia, Japan, and
France also received tissue samples. The highly successful flight of
SLS-2 represents the culmination of many years of effort in devel-
oping a high-quality scientific facility for STS and future Space
Station experiments.

The International Microgravity Laboratory-1 (IML-1) payload
was launched on the STS-42 mission in January 1992. It carried a
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diverse range of life sciences and microgravity science experiments
from NASA, the ESA, Japan, and Canada. The major pieces of
hardware used were the ESA Biorack and the NASA funded,
investigator-developed Gravatational Plant Physiology Facility.
Several experimental subjects including plants, roundworms,
mouse cells and yeast were used in the studies sponsored by ARC.

Japan leased the Spacelab for the STS-47 mission flown in
September 1992. The payload, known as Spacelab |, contained
some joint investigations with the U.S. ARC sponsored a major
experiment to study development in frogs, employing the Frog
Embryology Unit, developed and built by ARC. The payload spe-
cialist for the mission was the first Japanese astronaut flown on the
STS.

Middeck Experiments

The STS-46 mission in July 1992 flew an ARC-sponsored exper-
iment that was designated Pituitary Growth Hormone Cell Func-
tion. Cultures of rat pituitary cells were flown onboard the Shuttle
to study the effect of space flight on growth hormone production,
storage, and secretion.

A Shuttle middeck experiment, the Physiological Systems Ex-
periment (PSE-01), was flown on the STS-41 mission in October
1990. Its objective was to study the effect of space flight on rats.
Three additional PSE middeck experiments have been flown on
Shuttle flights: (PSE-02) on STS-52 in October 1992, (PSE-03) on
STS-57 in June 1993, and (PSE-04) on STS-62 in April 1994. The

primary objective of PSE-04 was to study the relationship between
the immune and skeletal systems during exposure of rat subjects to
microgravity.

A series of three Shuttle middeck experiments, termed Physio-
logical Anatomical Rodent Experiments (PARE), were flown on
STS missions in 1991 and early 1993. These were STS-48
(PARE-01) in September 1991, STS-54 (PARE-02) in January
1993, and STS-56 (PARE-03) in April 1993. These experiments
were designed to investigate the effects of space flight on bone and
muscle in rats.

In February 1994, the Immune-01 flew on STS-60 in the
SpaceHab module. The payload was a commercial experiment that
measured the immune response of tissue and body fluids of normal
rats to microgravity.

In April 1994, a new experiment designated Space Tissue Loss
(STL) flew on the middeck of STS-59. The purpose of the experi-
ment was to test the ability of the STL tissue culture module,
designed by the Walter Reed Army Institute of Research, to func-
tion in flight. The experiments involved the study of the effects of
flight on two cell lines (cardiac and bone) of immunologic impor-
tance.
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The Cosmos Biosatellite Program

The Soviet/Russian series of Cosmos satellite missions is carried out
for a variety of military and civil purposes. Falling under its jurisdic-
tion is the Cosmos biosatellite program, which includes a series of
missions dedicated to biological experimentation in unmanned,
Earth-orbiting satellites. The Cosmos biosatellite program is often
referred to as the Biocosmos program or the Bion program by
various non-U.S. sources.

Program Overview

The Russian biosatellite program began with the launch in 1966 of
Cosmos 110, a mission concerned mainly with studies of the cardio-
vascular system. The 22-day Cosmos 110 mission is the longest
duration biosatellite orbital flight achieved to date. A wide variety
of experimental subjects was flown on subsequent missions, includ-
ing rats, beginning with Cosmos 605 (also called Bion 1), and
primates, beginning with Cosmos 1514.

The unparalleled success of the Cosmos biosatellite program is
due to several factors. The research conducted under its auspices is
complex, combining studies in numerous areas within the life
sciences. Many organisms from very different taxonomic orders
have been studied on biosatellites since the program’s inception.
An important feature of the program has been its predictable,
frequent launch schedule. Its continuous internal evolution has
enabled scientists to study increasingly complicated levels of a
given problem. The participation in the program of specialists from

Figure 4-31: Launch and recovery of Cosmos missions with U.S. participation.

a number of European countries and the U.S. has also been to its
advantage.

Cooperation in space ventures between the U.S.S.R. and the
U.S. was initiated in 1971, with the signing of the U.S./U.S.S.R.
Science and Applications Agreement (which included an agree-
ment on space research cooperation). The the U.S.S.R. first offered
to fly U.S. experiments on a Cosmos biosatellite in 1974, only a few
years after the termination (in 1969) of the U.S. biosatellite pro-
gram. The offer was realized in 1975 when the first joint
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U.S./U.S.S.R. investigations were carried out on the Cosmos 782
mission.

Through 1990, the U.S. participated in seven Cosmos biosatel-
lite missions: Cosmos 782, 936, 1129, 1514, 1667, 1887, and 2044.
Each mission is described in detail in later sections of this chapter.
An eighth joint mission, Cosmos 2229, was launched in 1992.
Funds furnished by the U.S. were used for experiment develop-
ment and analysis, mission logistics, and project management for
U.S.-related mission activities. All costs related to launch have
been borne by the U.S.S.R. The Institute of Biomedical Problems
of the U.S.S.R. Ministry of Health in Moscow has played a leading
role in research design, experiment integration, and data interpre-
tation. The primary responsibility for equipment design has been
undertaken by the Biophyspribor Design Bureau in Leningrad
(St. Petersburg). Soviet scientists provided all organisms flown on
these missions. The only exception to this was on Cosmos 782 when
U.S. scientists provided some specimens.

On the three earliest of the joint U.S./U.S.S.R. missions, most
U.S. experiments were conducted in carry-on packages. Such
packages typically contained insects or plant tissues and required
only the use of the spacecraft environmental control and life
support systems. Radiation dosimetry experiments of the carry-on
type were also developed by U.S. investigators for these missions.
Other U.S. experiments involved obtaining preflight and postflight
measurements from rats flown on the biosatellites.

A new level of cooperation between the two countries began
with the Cosmos 1514 mission. On this and subsequent missions,

the U.S. provided experiment hardware that required integration
with the Soviet spacecraft and data systems.

Since Cosmos missions typically remained in orbit for a consid-
erably longer time than the U.S. Space Shuttle, the Cosmos biosat-
ellite was particularly useful for studies requiring longer exposure
of biological subjects to microgravity. Joint U.S./U.S.S.R. Cosmos
flights have served as testing grounds for developing U.S. experi-
ments and flight hardware. Experience acquired by U.S. scientists
and engineers on these missions will be a valuable asset for devel-
oping U.S. space programs such as the STS Extended Duration
Orbiter and Space Station.

The goals of the joint U.S./U.S.S.R. research performed within
the Cosmos biosatellite program are to: investigate mechanisms for
physiological, biochemical and behavioral changes associated with
the space environment; identify and evaluate potential hazards to
man during long-duration space flight; study ways of supporting
long-duration manned space flight in the areas of artificial gravity,
radiation shielding and life-support; and use the microgravity envi-
ronment to determine the role of gravity in terrestrial biological
phenomena.

The Cosmos Biosatellite

The biosatellite is designed for conducting long-term experiments
in space and for returning the biological subjects to Earth. It is
composed of three compartments: the landing module, the instru-
ment assembly compartment, and a hermetically sealed unit that
contains additional chemical sources of energy (Fig. 4-32).
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Joseph Sharp received his B.S., M.S., and
Ph.D. in psychology/neuroanatomy from the
University of Utah. In 1961, he began his
career as a research psychologist at the Walter
Reed Army Institute of Research where, in
1970, he was appointed Deputy Director of
Neuropsychiatry. He has also served as Chief of
the Department of Experimental Psychology
and Behavioral Radiology at Walter Reed, and
in 1969 and 1970, was Deputy Commissioner
of Public Health for the State of New York. He
came to ARC in 1974, and the last five of those
years, served as Director of Space Research at
Ames. Currently he is with the College of Sci-
ence at the University of Utah, Cedar City,
Utah.

In 1974, soon after he joined ARC, he
attended a U.S./U.S.S.R. Joint Working Group
meeting in Tashkent, U.S.S.R., with the Direc-
tor of Life Sciences at NASA Headquarters,
David Winter. “That was when the Russians,
unannounced, dropped the offer on us to fly
U.S. experiments on the Cosmos series,” he
recalled. “There had been zero preparation for
that back in the States. Dave didn’t know
whether he had the authority to accept the
offer, whether he had the budget, and what the
scope was. I can remember walking for hours in
the garden near the meeting place, discussing
the offer. We finally talked ourselves into it,

Joseph Sharp

and Dave accepted. I was responsible for put-
ting people and experiments together back at
Ames. The time to launch was very short. We
didn’t even know what quality to build our
equipment to.” Finally, it was decided that
Apollo-Soyuz quality standards would be used.

“Getting that first series of experiments on
Cosmos was really tough stuff,” Sharp said.
Some of the experiments had to be simplified,
to have them ready in time for flight. “But that
first series started a process that continues to
this day. The vitality of the program is shown by
the fact that it has survived for so long, even
during the Reagan era. All the joint Nixon-
Breszhnev programs were killed during that
period, except for the Cosmos flight program.
The agreement was signed before Reagan took
office, and he honored it. So we carried on
through that time, with reasonably good com-
munications. At that time experiment complex—
ity was increasing, so there was more and more
dialogue going on between the two countries.
Of course, everything had to be blessed by the
National Security Council.” The intelligence
agencies also monitored the Cosmos activities,
though indirectly. “We didn’t do some of the
things we wanted to do,” Sharp said, “because
of technology transfer concerns.”

Cosmos has evolved over the years.
“Things have gotten more bureaucratized,”

Sharp explained. “But the Program has also
become more productive. Experiments are
more complex now. There are more collabora-
tions between scientists. I think more Soviet
scientists have been brought into their space
program because of this than would have oth-
erwise. And in our country, there are now many
scientists who have collaborated with the Sovi-
ets.”

The Cosmos program brought NASA into
direct contact with French and other Europe-
an life scientists. This contact led to several
collaborative projects. The early Cosmos
flights served as a catalyst to bringing Ames
into the modern era of flight programs. “When
I arrived at Ames, there was no real life scienc-
es flight program although good science was
being done,” Sharp says. “The U.S. biosatellite
program had withered by the mid *70s. Cosmos
really allowed us to organize to do the Shuttle

flights.”

Sharp attributes much of the Cosmos pro-
gram’s success to Oleg Gazenko, the now re-
tired Director of the Institute of Biomedical
Problems in Moscow. “He kept it all together,”
Sharp says. Although he now acts in an advisory
role, Gazenko’s influence on the Soviet space
program is still strong (see interview, page
148).
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David Winter is a physician/neurophysiol-
ogist by training. He served as the Deputy
Director of Life Sciences at ARC from 1971 to
1974 and as the NASA Director for Life
Sciences at NASA Headquarters from 1974 to
1979. Between 1974 and 1992, he worked at
the Sandoz Pharmaceuticals Corporation. He
is presently the President and Chief Operating
Officer of GenPharm International, a biotech-
nology company based in California.

As the NASA Director of Life Sciences,
David Winter was the co-chair of the
U.S/U.S.S.R. Joint Working Group on Space
Biology and Medicine. He was instrumental in
bringing about U.S. participation in the Cos-
mos program. The U.S.S.R. first offered to fly
U.S. experiments on the Cosmos biosatellite
during a joint U.S./U.S.S.R. meeting in Tash-
kent in 1974, at which Winter was present.
“The offer was such a unique opportunity,” he
said. “How could we have refused?” Because
the time interval between the Soviet offer and
Cosmos 782 (the next scheduled biosatellite
flight) was short, preparing the U.S. experi-
ments for flight was difficult. “We had to move
quickly,” Winter recalled. “People worked

David Winter

hard. Having an endpoint that you could see
made it easier. You knew you had to make that
launch date.”

Winter believes that the Soviet offer was
motivated by a very genuine interest in extend-
ing the cooperation from manned flight to
space biology. “There were these two super-
powers, each with their own agendas, each
wanting to succeed, and to get more publicity
than the other. It was a competition. But the
one thing both sides felt very keenly about was
that nobody wanted a disaster. Pooling togeth-
erresources and information was the one way to
make the most of what each side had. Our
experiments had a small number of subjects,
and so did theirs. So we put them together.”
Pooling information was complicated by the
fact that the two countries used different re-
search methods. “In the very early stages of the
Joint Working Group, we spent a great deal of
time standardizing procedures for manned
space flight,” Winter explained. “They used
one system, we used another. For example,
they were using air columns to determine blood
pressure, and we were using mercury columns.

Standardizing was very pedestrian work, but it
had to be done in order to compare results.”
One reason that different methods were used
was that Soviet technology was not as sophisti-
cated at that time as U.S. technology. “They
would use a simple system, not intellectually
simple, but mechanically so, and just keep
pushing it to the limits. They worked harder,
and got more out of it than we did.”

Winter was a member of the Joint Working
Group for eight years. Like many of the other
participants, Winter was struck by the trust
that was built up between the two sides. “We
had a very good relationship with the Soviets,”
he said. “There wasn’t a lot of foolishness. We
just did what we had to do, and they did what
they had to do. We were not sparring.” Coop-
eration on the Cosmos program was not the
only result of the Joint Working Group. “We
not only negotiated the whole Cosmos thing,
but also the Soviets coming onboard the Shut-
tle. That was negotiated back in 1977 or 1978.
It has taken a long time to happen.”
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Actual orientation

Figure 4-32: Cross section of Cosmos biosatellite: (a) instrument assembly
compartment; (b) landing module; (c) monkey capsule; (d) rodent capsule;
(e) energy storage unit;, and (f) actual orientation just after landing.

The landing module is a complex, autonomous compartment
capable of housing the biological subjects. It has a modified Vostok
design, similar to the spacecraft used in early Soviet manned space
flights. Spherical in shape, with a diameter of approximately 2.5 m
and a gross weight of about 2250 kg, it can accommodate a 900 kg
payload. Batteries supply power required during the flight. The
interior of the spacecraft is maintained at sea level conditions, with

Mission Specimens Flown Duration Year
782 25 rats, fruit flies, 20 days
1975
carrot tissues and
cells, fish embryos
936 30 male rats, fruit fligs19 days
1977
1129 32 male rats, 5 female¢ 19 days
1979
rats, quail eggs, carrpt
tissues and cells
1514 2 rhesus monkeys, 5 days 1983
10 female rats
1667 2 rhesus monkeys 7 days 1985
1887 2 rhesus monkeys, 13 days
1987
10 male rats

Table 4-4: Organisms used in U.S. experiments onboard Cosmos
biosatellites. ) .
a total pressure of approximately 760 ml mercury, an oxygen partial

pressure of 135-212 ml and a carbon dioxide partial pressure of up
to 7 ml. Relative humidity is approximately 56-66 percent during
flight, and ambient temperatures range from 22.0° to 25.5°C.
Ammonia, methane and other gaseous impurities generated within
the craft are kept at low levels by circulating the cabin air through
canisters of absorbent materials.
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Eugeny Ilyin graduated from the Military
Medical Academy in Leningrad in 1961. From
1961 to 1964, he was a senior researcher in the
Institute of Aviation and Space Medicine, a
part of the U.S.S.R. Air Force. In 1964, he
joined the Institute of Biomedical Problems in
Moscow. He is now an M.D. and a Professor
of Aviation, Space and Naval Medicine. His
area of scientific interest is human and animal
physiology in space and extreme environ-
ments. Ilyin is a member of the International
Academy of Astronautics subcommittee on
Space Planetary Biology and Biophysics, and
the Center on Space Research subcommittee
on Gravitational Biology.

Ilyin was among a group of Soviet physi-
cians selected to be cosmonauts to conduct in-
flight animal experiments. The Voskhod
manned space program was to be his door into
space. He never experienced a space {flight
because the Voskhod program was discontin-
ued after only two of its five scheduled flights
had been completed. “However, we didn’t
lose heart,” Ilyin said. “Termination of that
project stimulated a different program of ani-
mal research onboard unmanned space vehi-
cles.”

In 1966, Ilyin participated in the Cosmos
biosatellite program for the first time, prepar-

Eugeny llyin

ing experiments on canine subjects for the Cos-
mos 110 flight. In 1970, he was appointed as the
Director of the Program, and has served in that
capacity since then. His longtime experience
with animal experiments, and his introduction
to the space experience through Voskhod,
helped him meet the challenge on the Cosmos
biosatellites. “On the basis of experience, I can
assert that experiment preparation alone takes
much time and is a very challenging job. We
have to select animals, examine them thorough-
ly, train them to use a feeder and a water dis-
penser in the absence of man, so that we can
study behavioral patterns, central nervous sys-
tem activity, and complex motor reflexes. This
is really very difficult.” Ensuring that the life
support system and the experimental hardware
function perfectly is no less a challenge. “We
have to design, develop, and test the equipment
many, many times. It’s a huge responsibility,
because the biosatellite and the experiments
flown cost millions and millions of rubles.”

Animal experiments in space are necessary
because they furnish data that cannot be ob-
tained from humans due to methodological or
ethical considerations. “We need this informa-
tion to design and develop methods to protect
humans from the deleterious effects of the
space environment,” said Ilyin. The safety of
the animals is of great concern to Ilyin and his

colleagues, and not only because of the data
they provide. “Our lesser brothers, with whom
we spent a lot of time during experiment prep-
arations, became very close and very dear to
us,” he explained.

Ilyin’s team has surmounted many obsta-
cles during Cosmos biosatellite flights. “We’ve
had oxygen increases in the space cabin, rising
temperatures, breakage of wires from elec-
trodes implanted in animals, failures in telem-
etry communications links with the
biosatellite, and so on. But what matters is that
our work was not futile. We have a lot of very
valuable data.”

Ilyin is particularly proud of the coopera-
tive interaction between his team and U.S.
scientists. “The NASA Ames Research Center
is the largest and most important partner in our
program,” he said. “Our joint efforts have been
very successful. I dream of the day when we’ll
be able to launch an international biomedical
laboratory carrying physicians and biologists
from different countries who will perform
experiments on both animals and humans. But
for now we have to continue to fly animal
experiments on unmanned vehicles as well as
on manned ones, since they both have unique
advantages.”
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The biosatellite is launched from the Plesetsk cosmodrome, on
the Cosmos launcher. The B1 version of the launcher used between
1962 and 1972 was capable of placing 280 to 600 kg in low Earth
orbit. After almost 150 successful missions, it was replaced by the C
version. Based on a medium range ballistic missile, the C launcher
has a reignitable second stage and is able to reach very high orbits.
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MISSION PROFILE: Cosmos 782

Mission Duration: 20 days

Date: November 25-December 15, 1975

Life Sciences Research Objectives (U.S.)
To compare the effects of microgravity and artificial gravity
on genetics, growth, development and aging of biological
systems
To measure radiation levels in space

Life Sciences Investigations (U.S.)
Cell/Developmental Biology (C782-1, 2)
Immunology/Microbiology (C782-3.1, 3.2)
Musculoskeletal (C782-4.1, 4.2, 5, 6)

Plant Biology (C782-7,8.1, 8.2, 8.3, 8.4)
Radiation/Environmental Health (C782-9, 10)
Regulatory Physiology (C782-11, 12, 13)

[pp -259-276]

Organisms Studied (U.S.)
Rattus norvegicus (rat)
Drosophila melanogaster (fruit fly)
Fundulus heteroclitus (killifish) eggs
Daucus carota var. carota (carrot) tissue and cells

Flight Hardware (U.S.)  [pp. 476-477, 524-525]
Carrot Embryoid Container
Carrot Tumor Growth Container I

Radiation detectors
U.S.S.R.-provided—see Appendix 3

Publications [pp. 421-425]

Cosmos 782

The Cosmos 782 mission marked the first time that the U.S. partic-
ipated in the Soviet Cosmos program. Launched from Plesetsk on
November 25, 1975, the Cosmos 782 biosatellite was recovered in
Siberia on December 15. Various physics and biology experiments
were flown on the 20 day mission. Scientists from France, Czecho-
slovakia, Hungary, Poland, Romania, the U.S., and the U.S.S.R.
participated in these investigations.

More than 20 different species were flown on the mission. U.S.
investigators conducted experiments on a subset that included
rats, fruit flies, carrot tissue and cells, and fish eggs. A U.S. radiation
dosimeter experiment was also carried out without using biological
materials.

A centrifuge on the spacecraft created an artificial 1 g environ-
ment for some of the biological subjects. Specimens rotated on the
centrifuge were compared with specimens maintained in micro-
gravity conditions.

U.S. Life Sciences Research Objectives

The general objective of the U.S. life sciences experiments was to
compare the effects of microgravity and artificial gravity on the
genetics, growth, development, and aging of biological systems.
Aging processes were studied using fruit flies as experimental
subjects. The effects of microgravity, artificial gravity, and the
randomized gravity vector of a ground-based clinostat were studied
on carrot tumor growth. Another experiment using cultured carrot
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Lyuba Serova studied at Moscow Universi-
ty and is now affiliated with the Institute of
Biomedical Problems in Moscow. Her specialty
is developmental biology.

A pioneering researcher in Space Life
Sciences, Serova has participated in the Cosmos
Biosatellite program for more than two decades.
Having worked with people from many different
countries, she realizes the difficulties inherent in
uniting the efforts of diverse researchers. She says
that this makes her feel like a citizen of the world.
“All these people are so different, and yet we have
so much in common, and we’re all working for the
common good. Somehow, it gives you a better
understanding of your own strengths and weak-
nesses.” The mutual trust that has developed

Lyuba Serova

between the U.S. and Soviet Cosmos teams is one
reason the program has been so fruitful. That also
required a recognition of their differences, ac-
cording to Serova. “During the preparation for the
first cooperative Cosmos mission, one of the
American scientists came tothe U.S.S.R. He dem-
onstrated various pieces of equipment, and he
used to ask me, ‘Do you have things like this? Or,
‘We normally discard this stuff. What about you?’
Later, I took him to the Kremlin, and I showed
him all the beautiful things in Moscow, and asked
him, “And do you have such things? And he said
“‘Well, the U.S. is ayoung country, sowe don’t have
things like that.”

Serova notes that common research interests
have formed a bond between the U.S. and Soviet

scientists. She recalls planning the developmental
biology experiment for the Cosmos 1514 mission
with Jeffrey Alberts, her American counterpart.
“We tried to agree on how to share biosamples if
only one of the pregnant rats onboard gave birth.
I really treasure those long days of cooperative
effort.” She also remembers discussing the results
of the Cosmos 1129 mission with Richard Keefe,
a U.S. scientist. “He said ‘these biosamples and
these data, they are not mine or yours. They
belong to all the people on the Earth.” I thinkit’s
attitudes like this that unite people more than
anything else.”

cells studied the development process in higher plants. A follow-up
to an Apollo-Soyuz experiment was conducted to explore the
harmful effects of microgravity on growth and development in fish
eggs. This experiment was the only joint U.S./U.S.S.R. study flown
on the Cosmos series of biosatellites that was developed by
JSC; all others were developed and managed by ARC. Rat experi-
ments were designed to assess microgravity effects on gastrointes-
tinal, endocrine and lymphoid systems and on blood, muscle, bone,
and eye tissue. A radiation dosimetry experiment measured the

high-linear-energy-transfer (LET) particle radiation aboard the
biosatellite.

U.S. Life Sciences Payload
Organisms

Twenty-five unrestrained male Wistar rats (Rattus norvegicus)
were flown aboard the spacecraft in individual cages. Body temper-
ature telemetry transmitters were implanted in five of the rats. Two
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Synchronous Vivarium
Flight Control Control
Number of rats 25 25 25
Launch/recovery
stress none
* noise
* vibration | / | \
e acceleration actual simulated
. 40 grams/ 40 grams/ 40 grams/
Food available* animal/day animal/day animal/day
NEzZE
Housing individual individua caged in groups
cages cages of 3-4
Environment
« temperature [I):]
* humidity simulated standard
« lighting, etc. spacecraft spacecraft laboratory
conditions conditions conditions
Gravitational microgravity 1g 1g
force

*Amount consumed may actually be less.
Table 4-5: Cosmos 782 flight and control rat experiments.

control groups of rats were studied on the ground—the synchro-
nous control group and the vivarium control group, discussed in
detail below.

Studies on growth and development provided by U.S. special-
ists were conducted on 1000 embryos of Fundulus heteroclitus, a

small shallow water minnow (Walbaum) of the Beaufort, North
Carolina, strain. Embryos of five different age groups were used in
the experiments. One hundred flight embryos from each age group
were subjected to artificial gravity, and an identical flight group
exposed to weightlessness. Four different control studies were
conducted on the ground to support this experiment.

Other experimental subjects included a Domodedovo-32 strain
of the fruit fly Drosophila melanogaster, carrot (Daucus carota)
tissue (provided by U.S. specialists) and cultured carrot cells.

Hardware

U.S.S.R.-Provided

Experimental materials were arranged in three tiers inside the
spacecraft (Fig. 4-33). The upper platform was a centrifuge which
was set to rotate at a constant speed of 52 rpm. Containers with fruit
flies, Fundulus embryos, carrot tissue, and cultured carrot cells
were placed on this platform. They received a 1.0 g or 0.6 g force,
depending on their position on the centrifuge. A stationary lower
platform held materials identical to those on the upper platform.
Twenty-five rats in individual cages occupied the space below the
lower platform.

Each cage consisted of two intercommunicating cylinders
(Fig. 4-34). Each had a diameter of about 9.5 cm and was about 20.8
cm long. The upper cylinder housed the rat, while the lower one
served as a waste collection trap. Cabin air circulated through the
cages and was returned, via the lower cylinder, to the cabin after
being passed through an activated charcoal filter. The upper animal
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Figure 4-33: Arrangement of experimental materials in the Cosmos 782
biosatellite: (a) Tier 1: centrifuge with fruit flies, fish embryos, and carrot
tissue/cells that could receive a force of 1 g or 0.6 g; (b) Tier 2: stationary
platform with same specimens as on centrifuge; (c) Tier 3: rat cages.

chamber was furnished with light on a 12:12 light and dark cycle. An
automatic watering system provided water freely to the animal. A
feeder cup dispensed 10 grams of paste food every 6 hours. A
circular coil surrounding the cage monitored physical activity.
Cages were arranged in groups of five and a common food and
water reservoir used for each group.

Fish embryos were housed inside a two-chambered aluminum
case. Each chamber contained five flattened polyethylene bags
separated by thin perforated foam. Embryos were suspended in
artificial sea water inside the polyethylene bags.

Fruit flies were maintained in standard cotton-stoppered vials
placed in sheet metal flight containers. Standard food medium was

provided.
U.S.-Provided

Carrot tissue for the tumor growth experiment was contained in
cylindrical acrylic canisters, each about 8.5 ¢cm in diameter and
about 10.5 cm in height. There was a stack of three dishes in each
canister. The dishes were held together by a metal rod which passed
through a hole in the center of each dish. Carrot slices were placed
in four holes surrounding the central hole of each dish. The canis-
ters were sealed with anodized aluminum caps which included
filters and holes for the passage of air.

The carrot development experiment was also housed in acrylic
canisters. Each canister consisted of a tube with two end caps and
two filters for air, a thermometer, a foam pad, nine petri dishes and
a four-legged standoff cushion. Each of the petri dishes contained
clones of carrot cells in shallow agar medium.

Radiation detectors were made of cellulose nitrate and Lexan
polycarbonate photographic films. High-LET particle flux and
integral LET measured by thin
detector packages, each consisting of seven thin plastic films held
together with tape. Aluminized mylar wrapping protected the films

spectrum were
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from exposure to ultra-

violet irradiation. Thick de-

3

tector packages, each con-
sisting of 75 plastic films,
measured charge spectrum.

Operations

Two kinds of ground control

experiments aided in inter-
preting in-flight data. The
synchronous ground con-
trol experiment was initiat-
ed 5 days after launch.
Experiments identical to

Tr—I\_

Figure 4-34: Rat cages consisting of

(a) cylinder for housing rat; and

(b) waste collection trap.

the flight experiments were

carried out in a spacecraft mock-up. The environmental condi-
tions of the spacecraft were also duplicated. The centrifuge used
as a control for the in-flight centrifuge rotated at the same speed
as during flight, but gravitational forces on the ground resulted in
a greater centrifugal force. Launch stresses were also simulated
during the synchronous control study. The vivarium control
experiment, begun at the time of launch, provided data on
minimally stressed specimens. Environmental conditions for this
experiment were like those in a standard laboratory.

The U.S.S.R. supplied rats and fruit flies. The U.S. investi-
gators provided specimens for other U.S. experiments. Several
treatments had to be performed on the three experimental

groups before the experiments began. In the case of the rat exper-
iments, injections, changes in diet, and cage training needed to be
carried out.

Onboard sensors gathered housekeeping data during the flight.
Information on rat body temperature and motor activity was tele-
metered to the ground.

Biological materials needed to be retrieved within six hours
after the biosatellite landed. Equipment and a team of engineers
and scientists were airlifted to the recovery site to conduct the
necessary procedures. A field laboratory was set up in insulated
tents (Fig. 4-35). Electrical power was supplied by two portable
generators. A temperature of 18-22°C was maintained within the
laboratory, an extraordinary accomplishment in a Siberian winter.

Within 11 hours of recovery, 12 of the 25 flown rats underwent
autopsies at the landing site. Readaptation studies were conducted
in Moscow on the remaining flight rats for 25 days after the mission
to assess their ability to readjust to Earth gravity. Autopsies were
then performed on these rats and on rats in the ground control

groups.
Results
The onboard centrifuge demonstrated that the organisms flown

experienced stress due to prolonged weightlessness, and not to
other flight factors.
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Rodents

Flight rats had lowered body temperature, on average. Airflow,
isolation, and confinement were thought to have contributed to this
effect together with the altered muscular activity in microgravity.
On recovery, rats appeared healthy and autopsies revealed no
pathological disturbances attributable to space flight. Weight gain
was lower in flight rats than in control animals. An increase in
adrenal weight, reduced weight of thymus, spleen and some hind
limb muscles, and a tendency toward reduced weight of lymph
nodes were noted.

Flight rats showed an increased immune response, contradict-
ing the hypothesis that space flight has a detrimental effect on cell
mediated immunity. However, results also indicated an increased
destruction of lymphoid cells. Survival of red blood cells was shown
to be reduced in the flight animals, and hemolysis was significantly
greater. In addition, some perturbations in endocrine function were
also found.

Results of bone studies showed a decreased rate of bone forma-
tion rather than accelerated bone resorption in flight animals. A
significant increase in bone formation was seen after the postflight
recovery period.

Some abnormalities were noted in the eye tissue of flight rats.
However, the tissue was normal for the most part, indicating that
space flight of this duration would be safe for humans.

Figure 4-35: The field laboratory deployed at the recovery site: (a) lavatory;
(b) diesel pump; (c) biosatellite; (d ) generators; and (e) lab area.
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During postflight readaptation studies, the flight rats displayed
disturbances in vestibulo-motor function. These effects disap-

peared by the tenth postflight day.

Fruit flies

The only detrimental effect of space flight appeared to be a
decrease in negative geotaxis and mating.

Fish

A high incidence of anomalous development was noted, but this
effect was found to be due to the toxicity of new labeling tape on the
plastic bags. The original labeling tape had been replaced with the
new tape just prior to the flight. No major microgravity-related
changes occurred in fish that developed in flight. Possible excep-
tions may be in those aspects of development that require gravity as
a cue or a reference stimulus.

Plants

The development of viable embryos from carrot cells appeared
to be unimpaired during space flight. A change in carbohydrate
content was observed in carrot flown onboard; however, this effect
was probably attributable to factors other than weightlessness.
Tumors were found to be smaller in carrot disks exposed to weight-
lessness, a result that conflicts with ground-based studies using
simulated microgravity. Differences were also noted in enzyme
activity in carrot tissue exposed to weightlessness.

Radiation studies

The high-LET particle radiation in the biosatellite was
measured.

Additional Reading

Rosenszweig, S.N. and K.A. Souza. U.S. Experiments Flown on the
Soviet Satellite Cosmos 782. Final Reports. NASA TM-78525,
September 1978.

Souza, K.A. The Joint U.S.-U.S.S.R. Biological Satellite Program.
Bioscience, vol. 29, no. 3, 1979 pp. 160-167.
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MISSION PROFILE: Cosmos 936

Mission Duration: 19 days

Date: August 3-22, 1977

Life Sciences Research Obijectives (U.S.)

To study space flight effects on biological systems, and to
differentiate between the effects of microgravity and
radiation

To measure radiation levels in space

To evaluate centrifugation as a countermeasure to
deleterious effects of space flight

Life Sciences Investigations (U.S.)  [pp. 277-284]

Cardiovascular/Cardiopulmonary (C936-1)
Musculoskeletal (C936-2.1, 2.2, 3)
Radiation/Environmental Health (C936-4, 5)
Cell/Development Biology (C936-6)
Regulatory Physiology (C936-7)

Organisms Studied (U.S.)

Rattus norvegicus (rat)

Drosophila melanogaster (fruit fly)
Flight Hardware (U.S.) [pp. 524-527]

Radiation detectors

U.S.S.R. provided—see Appendix 3
Publications [pp. 425-427]

[e=]

Cosmso 936

The U.S.S.R. launched the Cosmos 936 mission on August 3, 1977.
Scientists from the U.S.S.R., the U.S., Czechoslovakia, France,
Hungary, Poland, Romania, Bulgaria, and the German Democratic
Republic conducted experiments in physics and biology on the
mission. The biosatellite was recovered near Kustanay in Central
Asia on August 22, after remaining in orbit for 19 days.

A notable feature of the mission was the use of two onboard
centrifuges to rotate rat subjects throughout the flight. The artifi-
cial gravity environment provided by continuous centrifugation was
expected to counteract space flight effects caused by microgravity.
Effects caused by other space flight factors, such as the accelera-
tion, noise, and vibration stresses of launch and re-entry, were not
expected to change.

U.S. Life Sciences Research Objectives

The effects of space flight on various biological specimens were
investigated during the mission, as during the previous Cosmos
mission. An effort was made to differentiate between space flight
associated effects on rat subjects that were caused by microgravity
as opposed to those that were caused by other stresses. The effects
of space flight were studied in bone and muscle, erythrocyte
survival and lipid and carbohydrate metabolism. An experiment to
examine the effect of space radiation on the retina was also carried
out using rat subjects. Another study of space radiation was con-
ducted without using biological material to determine various
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physical parameters of the different components of radiation in
space. Genetics and the aging process were studied in fruit flies.

U.S. Life Sciences Payload
Organisms

Thirty male, specific pathogen free rats (Rattus norvegicus) of
the Wistar strain were flown onboard. At launch, they weighed
215 grams on average and were about 62 days old. Twenty of these
rats experienced microgravity during the entire mission. The re-
maining 10 rats were subjected to continuous centrifugation

throughout flight.

Fruit flies (Drosophila melanogaster) were used to study devel-
opment and aging in the space environment. This species was also
used to study genetic mutation rate.

Hardware

U.S.S.R.-Provided

Rats were housed in individual cages as on Cosmos 782. Four
groups of cages, housing a total of 20 rats, were exposed to the
weightless environment of the spacecraft. Two other groups of
cages were placed on centrifuges (Fig. 4-36). The cages on the
centrifuges differed from the other rat cages only in direction
of air flow. In the centrifuged cages, air entered through holes in
the cage doors rather than through the tops of the animal compart-
ments. Air was forced through the cages when the centrifuges
rotated. The centrifuges were activated at the time of spacecraft

insertion into orbit and deactivated shortly before landing. Rotation
on the centrifuges provided an acceleration of 1 g to the 10 rats
housed in these cages.

Fruit flies were flown in standard cotton-stoppered vials placed
within sheet metal containers.

U.S.-Provided

Hardware for the radiation dosimetry experiment consisted of
several passive detectors. These included plastic nuclear track
detectors, fission foil detectors, thermoluminescence dosimeters,
and nuclear emulsions.

Operations

Three different types of control experiments were performed on
the ground to help interpret flight data. All space flight conditions,
except for microgravity and radiation, were simulated in a synchro-
nous control experiment. Before this control experiment began,
animals were subjected to launch stresses similar to those experi-
enced by the flight specimens during launch, such as noise, vibra-
tion and acceleration. Re-entry stresses were similarly applied at
the completion of the experiment. Specimen housing hardware was
identical to the units used in flight. Animals placed on centrifuges
within the spacecraft mock-up were rotated at the same rate as
those in flight. However, because of terrestrial gravity, the resultant
acceleration experienced by these animals was about 50 percent
greater than the acceleration experienced by animals on the flight
centrifuges.
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A vivarium control experiment provided data on minimally
stressed animals for comparison with the flight and control groups.
Animals were housed in groups of five within standard cages
(Fig. 4-37). Forty grams of the flight paste diet were provided to
each animal every day during the preflight and orbit phases of the
mission. During the readaptation period, 45 grams of food were
provided per animal per day.

The third control was the Omega BIOS experiment, which was
designed to provide data on a group of animals experiencing an
acceleration closer to the animals on the flight centrifuges than
those on the synchronous
control centrifuges. This
result was achieved by
placing the animals on
centrifuges  with a
smaller radius than
the centrifuges used
in flight or in the synchro-
nous control experiment.

Rats were housed in a

vivarium during the period
preceding launch. Flight
and control rats experi-
enced the same preflight

g

* 1 g force

treatment, including
various injections and sur-
Figure 4-36: Some flight rats were exposed g eries. Three weeks

to artificial gravity on centrifuges.

Figure 4-37: The cage used for the vivarium control experiment measured
450 x 310 x 160 mm.

before launch, body temperature transmitters were implanted in
the peritoneal cavities of 10 rats from the flight group and each of
the control groups. The general health of the animals was moni-
tored in daily examinations. Final selection of flight animals
occurred a few days before launch.

During the flight, total gross body movement of the rats was
monitored during two-hour periods every other day. It was ob-
served that the total gross movement of the rats in a weightless
condition was greater than that of rats on the flight centrifuges.
The lowest body temperatures were recorded in the rats main-
tained in microgravity.

Programs and Missions

135



Synchronous Bios Vivarium
Flight Control Control Control
Number of rats 10 30 30
Launch/
recovery stress
* noise none
« vibration
« acceleration / I \ actual / | \ actual / | \ simulated / | \ simulated
. . 40 grams/ 40 grams/ 40 grams/ 40 grams/ 200 grams/
Food available animal/day animal/day animal/day animal/day 5 animals/day
Housing \E \Ew =) = | =
individual individual individual individual caged in groups
cages cages cages cages of five
standar
* temperature
oh mp'd't spacecraft spacecraft simulated simulated laboratory
'u / ity conditions conditions spacecraft spacecraft conditions
« lighting, etc. conditions conditions
Gravitational [ Q [ Q O
force microgravity . _ ) 1 g force
flight-size small-radius
centrifuge centrifuge centrifuge
-1 g force - 1.5 g force - 1.04 g force

*Amount consumed may actually be less.

Table 4-6: Cosmos 936 flight and control rat experiments.

On day 16 of the synchronous
control experiment, one of the
centrifuges in the spacecraft
mock-up malfunctioned; the 5 an-
imals on it were removed.

Shortly after the spacecraft
touched down, a portable field
laboratory was assembled. Autop-
sies of flight animals began about
three hours after spacecraft re-
covery. After these procedures
were completed, biospecimens
and the remaining live animals
were transported to Moscow for
further processing. Rats in the
control groups underwent autop-
sies using the same experimental
procedures as for flight animals.
Bone, muscle, liver, and retinal
tissue specimens from flight and
control animals were then trans-
ported to the U.S. The radiation
dosimetry materials were shipped
in a special lead-lined case to
shield them from exposure to any
ground radiation sources. U.S.
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Prior to his joining NASA in the late 1960s,
Rodney Ballard earned his Doctorate in Bacte-
riology from the University of California, Ber-
keley. Coincident with several positions within
NASA, he was an Associate Professor of Micro-
biology at San Jose State University and Pres-
ident of San Benito Vineyards. Ballard was a
significant contributor to furthering interna-
tional cooperation for the SLSPO. He repre-
sented SLSPO at international joint working
group meetings with France, Russia, Japan,
Canada, Germany, and the ESA, and was a
student of several languages. He chaired the
U.S./French Rhesus Project Science Working
Group and was a member of the U.S./U.S.S.R.
Implementation Team on Space Biology.

Several years ago Ballard, a co-editor of
this book, collected this story from Eugeny
Ilyin (see page 123) during their flight from
Moscow to San Francisco. Ballard found it so
fascinating he immediately wrote it in his note-
book, but then forgot it. While reviewing a
draft of this book, about two months prior to
his death, Ballard remembered the story and
insisted on sifting through his notes, until he
found it. The event described took place dur-

Rodney Ballard

ing the early days of U.S.S.R. biosatellite de-

velopment.

In 1970, Oleg Gazenko, (see interview,
page 148), then Director of the Institute of
Biomedical Problems in Moscow, contacted
Ilyin, Director of the Cosmos Biosatellite Pro-
gram, with an urgent request. Evidently,
Georges Pompidou, the president of France,
was on a tour of the U.S.S.R. and Leonid
Brezhnev, General Secretary of the Commu-
nist Party, invited him to attend a satellite
launch. The available satellite had a lot of
empty space in it and Ilyin was asked to quickly
prepare some experiments for the space flight.
He had only two hours to develop a mission
scenario and eight days to deliver the experi-
ments. Fruit flies, cell cultures, mice, and rats
were selected.

The flight capsule had to be loaded 36
hours before launch and, unexpectedly, the
Flight Director (not used to flying living sys-
tems) turned off the power and the ventilation
fans could not operate. As an emergency mea-
sure, Ilyin conducted differential heating of
the outside of the capsule hoping that enough

convection could be produced to move air
within the capsule until power was restored.

The mission lasted only three days, and
both Brezhnev and Pompidou attended the
launch. Unfortunately, not all of the rats sur-
vived the flight, but the other specimens did.
This flight was, however, the first major step in
developing the successful rodent life support
systems that flew for 21 days on Cosmos 605
three years later.

Ballard found this story interesting
because it illustrated some major differences
in the overall environment in which space
biology research was conducted in the U.S.
and the U.S.S.R. One difference seemed to be
the greater readiness of the U.S.S.R. to use
space flight as a testbed to develop new life
support systems and to accept failure as a
possible first step to eventual success. Another
difference was the relatively higher prestige
historically attached to space research in the
U.S.S.R., so that an unmanned biosatellite
launch with some biological experiments on
board would be deemed appropriate for the
heads of France and the U.S.S.R. to attend.

Programs and Missions

137




scientists hand carried the flight and control fruit flies in their
containers to individual laboratories.

Two weeks later, a second group of U.S. scientists visited the
U.S.S.R. to attend the autopsies of the flight and control rats that
were used for readaptation studies. Samples were once again re-
turned to the U.S.

Results
Rodents

The rats were recovered in good condition. Experiment results
indicated that several changes occurred during space flight. The
finding that erythrocyte survival decreased in flight rats subjected to
weightlessness supported observations made during previous mis-
sions. Bone stiffness and the rate of bone formation were found to
decrease in space flight. The change in bone stiffness was corrected
by centrifugation, but the rate of bone formation was not. The
results of the muscle studies showed that hypogravity aggravates the
atrophic effects of hypokinesis. Retinal tissue was detrimentally
affected by space radiation. Changes noticed in liver tissue of flight
rats exposed to weightlessness were not found in centrifuged flight
rats, indicating that centrifugation during flight simulates some
aspects of terrestrial gravity. Some of the muscle and bone anoma-
lies seen in weightless flight rats were also not found in centrifuged

flight rats.

Fruit flies

Although developmental processes in fruit flies seemed largely
unaffected by space flight, the findings suggested that aging pro-
cesses may be accelerated. Differences were also noted in the wings
of flight flies as compared to ground controls.

Radiation studies

Important radiation dosimetric information useful in assessing
the hazards to living systems in space was obtained.

Additional Reading

Rosenszweig, S.N. and K.A. Souza. U.S. Experiments Flown on the
Soviet Satellite Cosmos 936. Final Reports. NASA TM-78526,
September 1978.

Souza, K.A. The Joint U.S.-U.S.S.R. Biological Satellite Program.
Bioscience, vol. 29, no. 3, 1979, pp. 160-166.
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MISSION PROFILE: Cosmos 1129
Mission Duration: 18.5 days
Date: September 25-October 14, 1979

Life Sciences Research Objectives (U.S.)

To study the effects of space flight on biological systems

To study mammalian reproductive processes and avian em-
bryogenesis in space

To measure radiation levels in space

Life Sciences Investigations (U.S.)  [pp. 285-303]

Cell/Developmental Biology (C1129-1, 2)

Musculoskeletal (C1129-3.1, 3.2, 3.3, 3.4, 3.5, 4, 5,6.1, 6.2, 7)
Plant Biology (C1129-8.1, 8.2, 9)

Radiation/Environmental Health (C1129-10)

Regulatory Physiology (C1129-11, 12, 13)

Organisms Studied (U.S.)

Rattus norvegicus (rat)
Coturnix coturnix (Japanese quail)
Daucus carota (carrot)

Flight Hardware (U.S.) [pp. 476-477, 552-553, 524-531]

Carrot Embryoid Containers
Carrot Tumor Growth Container II
Temperature Recording System
Radiation Detectors

U.S.S.R. provided—see Appendix 3

Publications  [pp. 427-431]

Cosmos 1129

The Cosmos 1129 satellite was launched on September 25, 1979
and recovered in Central Asia on October 14, 1979. The spacecraft
carried biological and radiation physics experiment packages from
Czechoslovakia, France, Hungary, Poland, Romania, the German
Democratic Republic, the U.S., and the U.S.S.R.

The U.S. investigations onboard included a radiation physics
experiment and several biological experiments using rats, quail
embryos, and plants.

U.S. Life Sciences Research Objectives

As it was for all Cosmos missions, the principal objective of Cosmos
1129 was to study the effects of space flight on biological systems,
with a particular focus on the biomedical problems observed in
men and animals during space flight. A concerted effort was made
to maximize the science return from the mission. To this end,
virtually every organ and tissue from the rat specimens flown was
examined by investigators. Space flight effects on bone and muscle
were examined in a series of studies on rats. Rats were also used in
an attempt to study mammalian reproductive processes in space. A
study of avian embryogenesis was carried out for the first time on
this mission. Microgravity effects on plants were investigated using
carrot tissue. The radiation exposure of the spacecraft and its
contents was measured in a radiation dosimetry experiment.
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U.S. Life Sciences Payload
Organisms

Thirty male specific pathogen free rats (Rattus norvegicus) of
the Wistar strain were flown onboard and served as experimental
subjects for a wide variety of physiological studies. When the
experiments began, the rats were about 85 days old and weighed, on
average, 300 grams. The flight rats were divided into five groups for
experimental purposes. They were euthanized 7 to 11 hours after
landing (group 1), 32 to 37 hours after landing (group 5), 6 days
postflight (groups 2 and 3), or 29 days postflight (group 4).

Seven more Wistar rats were flown as part of the rat embryology
experiment. Five of these were females weighing about 340 grams
atlaunch and two were males weighing about 260 grams (Fig. 4-38).

Fertilized Japanese quail (Coturnix coturnix) eggs were flown to
evaluate the effects of space flight on avian embryological development.

The effects of space flight on the rate of cellular metabolism
were assessed by studying the growth of crown gall tumors in carrots
(Daucus carota). Carrot cell cultures were used to determine if
growth and development of plants were affected by space flight.

Hardware

U.S.S.R.-Provided

The 30 rats used in the physiology studies were kept in individ-
ual cages as on the Cosmos 782 and 936 flights.

(@) (b) (©

Figure 4-38: The rodent mating chamber: (a) female chamber; (b) feeding
station;
(c) remotely activated partition door; and (d) male chamber.

The spacecraft also contained a rodent mating chamber for
housing the seven rats used in the rodent embryology study
(Fig. 4-38). At launch, the chamber was partitioned into two sec-
tions, which separated the two male rats from the five females. On
the second day of flight, two doors in the partition were opened,
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allowing the rats to mingle. There were eight feeding stations
within the chamber. Ten-gram aliquots of the paste diet were
presented at each station at six-hour intervals. Light was provided
on a 12:12 light and dark cycle.

The quail egg incubator was an insulated chamber suspended
from the mounting framework by heavy-duty elastic shock cords
(Fig. 4-39). Within the chamber, the eggs were held between two
perforated rubber strips located on the inner and outer steel rings.
The chamber contained 5 egg rings, each bearing 12 eggs. When
activated, the incubator could maintain a temperature of 37°C
and a relative humidity of about 70 percent. The egg rings could be
rotated within the incubator preflight and during the synchronous
control experiment. In-flight rotation was not thought to be neces-
sary. Egg rings were rotated continuously to simulate microgravity
conditions during the synchronous control experiment.

U.S.-Provided

For the carrot tumor growth experiment, cross sections of
carrot were inoculated with suspensions of the bacterium Agro-
bacterium tumefaciens. Each of the two flight canisters contained
a stack of four dishes, with four inoculated carrot disks in each dish.
A synchronous ground control experiment was conducted using
similar canisters located in a spacecraft mock-up. Other ground
control experiments were conducted using canisters oriented ver-
tically or horizontally with respect to gravity, or rotated either
vertically or horizontally on clinostats.

Figure 4-39: The quail egg incubator: (a) framework; (b) elastic shock
cords; and

c) e ring.
( 5&5 h Csmos 782, carrot cells and somatic embryos, respective-

ly, were placed in agar culture medium in plastic petri dishes. The
dishes were loaded into acrylic canisters and covered with alumi-
num end-caps. Two canisters were used in the flight experiment,
and two in a synchronous ground control experiment that was
conducted in simulated flight conditions. Two additional canisters
were used in a stationary ground control experiment in which there
was no flight simulation.
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Synchronous Vivarium
Flight Control Control
Number of rats 30 7 30 30
Launch/recovery
stress
* noise none
* vibration
« acceleration / | \ actual / | \ actual / | \ simulated
Food available* 40 grams/ 320 grams/ 40 grams/ 200 grams/
animal/day 7 animals/day animal/day 5 animals/day
) N——— N
Housing 0 | 3 |
individual group of 7 in individual caged in groups
cages mating chambe cages of five
o [07 - DOT | DO
« temperature .
« humidity simulated standard
« lighting, etc spacecraft spacecraft spacecraft laboratory
' conditions conditions conditions conditions
fr avitational microgravity  microgravity 1 g force 1 g force
orce

*Amount actually consumed may be less.
Table 4-7: Cosmos 1129 flight and control rat experiments.

Dosimetry packages were placed in two different locations.

Stacks of plastic nuclear track detectors measured high-LET parti-

cles. Fission-foil detectors were used for neutron measurements.

Thermoluminescent detectors measured total radiation doses from

charged particles and gamma rays.

Operations

Two different types of ground control studies were per-
formed to aid in interpreting flight studies. During the
synchronous control study, the in-flight environment of
the spacecraft was simulated as closely as possible. The
study was initiated five days after launch and conducted in
a spacecraft mock-up. Specimens were housed in mock-
ups of flight hardware. At the start of the study, the
specimens were subjected to launch stresses including
noise, vibration, and acceleration. Re-entry stresses were
applied after the study was completed. Food, water, light-
ing, temperature, humidity, and airflow closely approxi-
mated in-flight conditions.

The vivarium control study was conducted to provide
data on minimally stressed rat specimens. Rats in groups 1,
2, 3, and 5 were housed in standard vivarium cages during
the flight period. During the postflight period, they were
kept in the same cages except on days 3, 8, and 13, when
they were transferred to special metabolic cages for 36
hours at atime. Each animal received 40 grams of the flight
paste diet once a day during the flight period, and 45 grams
during the postflight period.

During the preflight period, candidate animal subjects
were group housed in a vivarium. Flight and control groups
of animals were similarly treated. The pellet/seed diet was
switched to the flight paste diet two weeks before flight.
General animal health was assessed in daily examinations.
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Healthy animals for the flight and control groups were selected
several days before launch.

Total gross body movement of the flight and synchronous
control animals was monitored on odd-numbered days during the
flight period (Fig. 4-40). Body temperatures of the group 4 animals
in flight and synchronous control groups were obtained on even-
numbered days. The light and dark cycle of group 4 rats was
reversed on day 10 by subjecting the animals to 24 hours of
continuous darkness. These rats were maintained at the reversed
cycle after flight. The reversal was carried out as part of a study to
determine space flight effects on the animals’ circadian rhythms
and on their ability to adapt to an altered day and night cycle.

On day two of flight, the partition separating male and female
rats in the rodent mating chamber was opened and the rats were
allowed to intermingle throughout the remainder of the flight.

The quail egg incubator was activated on the seventh day of the
mission, allowing the temperature and humidity to be raised to
37°C and about 80 percent, respectively. These environmental
conditions are appropriate for initiating embryo development in
fertilized eggs. Unfortunately, the humidity control system failed
on day 13 of the mission, causing the relative humidity to drop to
cabin ambient level. This had detrimental effects on the developing

quail embryos.

Within several hours of landing, a field laboratory had been set
up at the Biosatellite recovery site. Autopsies were performed there
on the group 1 rats. The remaining specimens were transported to
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Figure 4-40: In-flight events for the rat experiments: body temperature and
movement during flight were measured on alternate days. The light and dark
cycle was reversed on day nine.

Moscow. During the readaptation period that followed, the flight
rats were subjected to a variety of tests. Following these operations,
specimens were shipped to U.S. laboratories in specially designed
containers. These containers could maintain the temperatures
required to ensure specimen integrity.

Results
Rodents

Flight rats were noted to be in good condition postflight. Postflight
analyses indicated that changes had occurred in rat bone during space
flight. Among these were decreased bone formation, decreased bone
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volume, density and strength, increased fat content of bone marrow,
and alterations in osteoblasts and osteoclasts.

Space flight effects on rat muscle included decreased muscle fiber
size and a change in the proportion of fiber types. Metabolic effects and
a change in body composition were also noted postflight.

Although all rats in the flight and synchronous control groups
were subsequently shown to be fertile, none of them gave birth as
a result of mating that may have occurred during the flight phase of
the experiments.

Quail eggs

Only one of the quail embryos survived. In that embryo, devel-
opment seemed normal. In the other embryos, decreased humidity
appeared to have resulted in dehydration and increased fragility of

the shell.

Plants

No changes were noted in the growth and development of plant
cells and embryos in space. The tumor growth studies indicated that
gravity compensation provided by ground -based clinostat rotation did
not equal microgravity.

Radiation

The radiation dosimetry experiment provided a comprehensive
picture of the radiation experienced by the spacecraft and its
contents.

Additional Reading

Heinrich, M.R. and K.A. Souza. U.S. Rat Experiments Flown on the
Soviet Satellite Cosmos 1129. Final Reports. NASA TM-81289,
August 1981.

Heinrich, M.R. and K.A. Souza. U.S. Plant and Radiation Dosime-
try Experiments Flown on the Soviet Satellite Cosmos 1129.
Final Reports. NASA TM-81288, 1981.

Keefe, J.R. Experiment K-33: Rat and Quail Ontogenesis. U.S.
Experiments in the Soviet Satellite Cosmos 1129. NASA
TM-81289, August 1981, pp. 325-362.
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MISSION PROFILE: Cosmos 1514
Mission Duration: 5 days

Date: December 14-19, 1983

Life Sciences Research Objectives (U.S.)

To study the effects of microgravity on circadian rhythms in
rhesus monkeys

To study the effects of microgravity on morphological devel-
opment of rat fetuses

Life Sciences Investigations (U.S.)  [pp. 304-308]

Cardiovascular/Cardiopulmonary (C1514-1)
Cell/Developmental Biology (C1514-2, 3)
Regulatory Physiology (C1514-4, 5)

Organisms Studied (U.S.)

Rattus norvegicus (rat)
Macaca mulatta (rhesus monkey)

Flight Hardware (U.S.) [pp. 482-483, 472-473]

Circadian Rhythm Experiment Hardware
Cardiovascular Experiment Hardware
U.S.S.R.-provided—see Appendix 3

Publications [pp. 431-432]

121

Cosmos 1514

The first U.S.S.R. orbital flight of a nonhuman primate was accom-
plished on the Cosmos 1514 mission. Launch occurred on
December 14, 1983. The biosatellite was recovered five days later.

On the mission, 2 monkeys flew as human surrogates, together
with 10 pregnant rats. More than 60 experiments were performed
by investigators from Bulgaria, Hungary, the German Democratic
Republic, Poland, Romania, Czechoslovakia, France, the U.S.S.R.,
and the U.S. Three experiments on primates and another on the rat
subjects were conducted by U.S. scientists.

The mission differed markedly from earlier Cosmos flights,
both in terms of Soviet scientific goals and in the degree of cooper-
ation required between the U.S. and the U.S.S.R. The two countries
had to interact at a high level because much of the U.S. experiment
hardware had to be integrated with the Soviet spacecraft and
instrumentation systems.

U.S. Life Sciences Research Objectives

Experiments focused on the effect of weightlessness on various
physiological parameters. A study of circadian rhythms was con-
cerned with the synchronization of primate motor activity, body
temperature, and skin temperature rhythms to a fixed light and dark
cycle and to each other. Blood pressure and flow were monitored,
to evaluate short- and long-term changes in these parameters.
Changes in calcium metabolism were studied to determine the
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effect of weightlessness on the skeleton. A neuro-ontogeny exper-
iment was conducted to investigate space flight effects on the
sensory development of rats that spent part of their prenatal gesta-
tion period in space.

U.S. Life Sciences Payload
Organisms

Two rhesus monkeys (Macaca mulatta) named Bion and Abrek
were flown onboard. Both were about three years of age and each
weighed approximately 4 kg. Height was a constraint in selecting
animals for flight because there was limited vertical clearance in the
animal capsules. The monkeys were conditioned to sit in the re-
straint couches and perform tasks for food rewards. Tasks included
pressing alever with their feet and tracking a moving light with their
eyes. Monkeys were also trained to eat and drink from food and
juice dispensers. All experimental subjects in the flight candidate
pool were tested for their tolerance of launch and re-entry acceler-
ations and of a several-hour stay in the right-lateral supine position,
which would be experienced during prelaunch rocket maneuvers.
Monkeys in the flight and control groups were implanted with
sensors to measure several physiological parameters. Bion and
several control monkeys also had implanted blood pressure and
flow cuffs.

Ten pregnant female Wistar rats (Rattus norvegicus) were
flown. Ground control groups contained the same number of rats.
At the start of the flight or control experiments, the rats were at
gestation day 13 of their 21-day cycle.

Hardware

U.S.S.R.-Provided

The spacecraft contained two monkey biological satellite
(BIOS) capsules, which provided life support and experiment
hardware (Fig. 4-32). The orientation of the two capsules within
the spacecraft allowed the monkeys to view each other. The
monkeys were placed within restraint couches in each capsule
(Fig. 4-42). A remotely controlled chest restraint pad, a lap re-
straint plate with a leg divider, and upper and lower arm restraint
straps were used to maintain each monkey in an appropriate,
comfortable posture and to provide adequate support upon
ground impact. The degree of thoracic restraint could be modified
by ground command. Unidirectional airflow moved excreta to-
ward a centrifugal collector underneath the restraint couch. The
monkey could activate the paste diet and juice dispensers located
in each capsule by operating bite switches. The monkey’s access to
these dispensers could also be controlled remotely from the
ground. A video camera mounted within each capsule monitored
in-flight animal behavior. A 16:8 light and dark cycle was provided
in the monkey compartments during the flight.

A psychomotor system within each capsule was used to test the
responses of the monkey subjects to various stimuli. The monkeys
were trained to press alever whenever alight signal was presented.
The strength required to press the lever could be determined from
the electromyogram (EMG) signals recorded from limb muscles.
Vestibular tests conducted in flight included monitoring the eye-
tracking response of the monkeys to a semicircular array of pro-

146

Life into Space



Figure 4-41: Cross section of the monkey BIOS, showing blowup of juice
dispenser:(a) primate; (b) restraint couch; (c) waste; (d) air inlet screen;
(e) display panel for vestibular tests; (f) juice and paste dispensers;

(9) bite switch;, and (h) paste and juice storage.

grammed lights located in front of each monkey. A sensor attached
to the skull cap of the monkey registered that a correct response
had been made when the sensor was pointed directly at the light
on the panel. Juice rewards were presented for correct responses.

Rats were group housed in a single compartment called the
rodent BIOS. The BIOS was formed by removing the partition
that separated males and females in the Cosmos 1129 rodent

mating chamber. It was equipped with ten nozzles for delivering
paste food and 10 nozzles for dispensing water. Food was provided
at regular intervals; water was available ad lib to the animals.
Unidirectional airflow moved waste and debris into a waste collector
located at the bottom of the cage. The light and dark cycle was
regulated to 12:12.

Ground support equipment for the rat neuro-ontogeny experi-
ment included maternity cages with video monitors, rotation and tilt
devices for vestibular tests, and an olfactory, respiration, auditory,
and visual testing system.

U.S.-Provided

All hardware required for conducting the cardiovascular exper-
iment was developed by the U.S. Flight hardware included blood
pressure and velocity transducers, signal conditioners, and control
circuitry. The signal conditioners were powered by a lithium battery
pack to minimize electrical noise. A cuff made of injection-molded
plastic contained the pressure and flow transducers in its upper half.
The lower part of the cuff consisted of several interchangeable shells
that could fit around blood vessels of varying diameters. The cuff
was surgically placed around the carotid artery of one of the flight
monkeys and two control animals. Upon entry into orbit, the cardio-
vascular signal processor was activated by a signal from the biosat-
ellite and data recorded on a Soviet tape recorder.

Test and calibration equipment to support flight hardware was
also developed by the U.S. This equipment included custom-made
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Oleg Gazenko was the former Director of
the Institute of Biomedical Problems in Mos-
cow. He still acts as an advisor to Anatoly
Grigoriev, the current Director of the Institute.

Gazenko initiated the Cosmos biosatellite
nonhuman primate program, which has been
highly successful since its genesis in 1979. He
recalls how difficult it was to decide to fly a
primate for the first time. “It was obvious to us
that we had to fly monkeys if we wanted to
resolve the big questions about manned space
flight. But our expertise was with other animals,
like mice and dogs, so we didn’t dare to fly
monkeys for a long time.” Close contacts with
American primate researchers were valuable,

Oleg Gazenko

Gazenko says. “They helped us to overcome
the, well, let’s say the mental barrier.”

Gazenko has been involved in space life
sciences research since the late 1950s. He
sees great benefits from conducting biological
experiments in space, particularly with animal
models. Many opponents of animal flights
believe that such flights are no longer justified
because man is today able to live and work in
space for fairly long periods of time. This
argument is based on lack of understanding,
Gazenko says. “It is true that we allow man to
go into space because we know a lot about the
potential hazards. But we don’t know every-
thing, and we can’t guarantee 100 percent

safety. Our confidence in allowing extended
manned flights has to do with the proximity to
the Earth. We have a good medical monitor-
ing system onboard. It can send alarm signals
to the ground if a crew member is in danger
and if necessary, the flight can be terminated.
Today, because missions are conducted in
Earth orbit, it doesn’t take too long to return
men to Earth. On lunar or interplanetary
flights, the situation will be drastically differ-
ent. Then we will certainly understand the
inadequacy of our knowledge. We have to
continue our observations, not only on men,
but also on animals, to make sure that we can
cope with these different problems.”

biological signal simulators (which were used for system integration
purposes when no animals were present), oscilloscopes, signal gen-

erators, impedance meters, and receivers.

The U.S. developed custom solid-state recorders and a data
readout and control unit to record skin and body temperature,

ambient temperature, and motor activity for the circadian rhythm
experiment during flight. A sensor and signal conditioner were used

to measure activity, and a surface thermistor measured skin temper-

ature. A Soviet-developed sensor was implanted subcutaneously for
measuring body temperature.
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Skeletal radiographs of the mon-
key during the preflight and post-
flight periods were obtained with a
portable x-ray machine.

Operations

As in all Cosmos missions, con-
trol experiments were conduct-
ed on the ground to help
interpret flight data. A syn-
chronous control experiment
was designed to simulate
the flight experiment in all
aspects except the condi-
tion of weightlessness. This
was conducted several days
postflight in the same
spacecraft used for flight,
with animals that were not
flown on the mission. Postflight data was collected during a 21-day
period following the completion of the synchronous control exper-
iment. Data on animals housed in normal laboratory conditions
were obtained in a vivarium control experiment. This experiment
was meant to control all factors that were unique to the internal
spacecraft environment such as lighting, humidity, and tempera-
ture. The protocol of the vivarium control for the monkey subjects
varied according to the needs of the specific investigator.

Figure 4-42: Animal restraint couch.

Because many aspects of the U.S. experiments had to be carried
out by Soviet specialists, adequate training was an important pre-
flight activity. Soviet specialists implanted blood pressure and flow
cuffs, assembled and installed experiment hardware within the
BIOS capsules, and attached sensors to the monkeys. Their post-
flight role was equally significant; they were responsible for collect-
ing, preparing, and coordinating transport of biosamples to the U.S.
for analysis.

Training of flight and control monkey subjects began more
than a year prior to launch. Physiological sensors were surgically
implanted in the subjects during the three months preceding the
start of the experiments. For the Soviet experiments, brain elec-
trodes were implanted and skull caps attached to the subjects.
These experiments also required implanting 15 subcutaneous elec-
trodes in each monkey, including an ECG, EMG, rheoplethysmo-
gram, and an axillary temperature transmitter. For the U.S.
experiments, carotid pressure and flow cuffs were implanted in
some monkeys.

Preflight control data were gathered from several flight candi-
date monkeys during a 10-day period about 2 weeks prior to launch.
Flight and synchronous control subjects were selected after this

period ended.

A remote signal from a U.S.S.R. controller activated the cardio-
vascular signal conditioners onboard the spacecraft shortly after it
went into orbit. The signal conditioners were reactivated every two
hours during the flight for five-minute periods of data acquisition.
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A remote signal was also given after
orbital insertion to loosen the chest
restraint straps securing the animals
to their couches, so that the monkeys
could move more freely during the
flight period. The straps were tight-
ened before re-entry to provide max-
imum support for the animals during
ground impact. During the five days
spent in orbit, the monkeys followed
the activities described in
Figure 4-43. Video cameras located
inside the capsules enabled ground
personnel to monitor in-flight mon-
key behavior.

No special activities were con-
ducted within the rat chamber during

the flight.

Soon after the biosatellite was
recovered, it was enclosed within a
temperature-controlled portable
field laboratory. Animals were re-
moved, examined, and flown to Mos-
Ccow.

Bion began to exhibit signs of ill-
health on the second day after landing
and died during postflight day three.

Synchronous Vivarium
Flight Control Control
Rats Monkeys Rats Monkeys Rats Monkeys

Number of subjects 10 2 10 2 10 2

Launch/recovery

stress (@)

* noise W none none

« vibration .

« acceleration / I \ actual / | \ actual / | \ simulated / | \ simulated

. . 40 grams/ 500 grams/ 40 grams/ 500 grams/ 40 grams/
Food available animal/day animal/day** | animal/day | animal/day** animal/day unknown
N\ N
. XX X
Housig = | ] (S| ] (@&
individual individua
group housing capsules group housing capsules group housing colony cage
emperar OO NN O Nr O
« temperature
« humidity simulated simulated standard standard
« lighting, etc. spacecraft spacecraft spacecraft spacecraft laboratory laboratory
conditions conditions conditions conditions conditions conditions

g:zzgltat/onal microgravity microgravity 1 g force 1 g force 1 g force 1 g force

*Amount actually consumed may be less.
** A total of 400 grams of juice per day per monkey also available if all psychomotor tasks completed.
Table 4-8: Cosmos 1514 flight and control rat and monkey experiments.

Lyuba Serova described the launch of the Cosmos 1514 mission. “It was winter when we came with
our animals to the launch site, and everything was covered with silver snow. I remember how beautiful
it looked—the river, and the forest behind us. After we had placed our animals onboard, I looked up
and the spacecraft seemed so tiny atop the rocket. At the same time, I thought about what a grand
responsibility this experiment was. I felt very fortunate to be a part of the program. I think our
predecessors would have been envious of the opportunities we've had.”
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Figure 4-43: Daily schedule of in-flight events for the Cosmos 1514 primate

Postmortem analyses revealed that the cause of death was a stran-
gulated bowel. The problem may have been congenital in nature
and appeared to bear no relation to either the implanted instru-
mentation or the space flight. Postflight studies continued with the
second monkey, Abrek. Because of the significant weight loss that
occurred during the flight period, the Soviets decided to supple-
ment the paste diet postflight with fresh food.

Cardiovascular data was transferred from the
Soviet flight tape recorder to a U.S. ground-based
recorder after the flight. Circadian rhythm data
was also transferred from solid-state memory to
permanent copy at this time.

Five of the rats were euthanized at the recovery
site and biospecimens were stored for transport to
Moscow. The remaining five females were flown to
Moscow, where they delivered their litters approx-
imately five days after landing. Four of the females
gave birth to at least 12 pups, while the fifth
delivered stillborn pups after undergoing a pro-
longed labor. Pups and mothers were transferred
to special cages for behavior studies.

Results
Primates

Patterns of food and juice consumption indi-
cated that Abrek adapted to the flight conditions
faster than Bion. Bion was less active and began to

drink juice only on the third day of flight and to consume food on
the fourth. Both monkeys lost weight during the flight. Body
dehydration was noted at recovery. Circulating blood and plasma
volume and extracellular and interstitial fulid had decreased, while
venous hematocrit had increased.
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Noticeable changes were evident in Bion’s cardiovascular sys-
tem early in the flight. Signs of adaptation were noted from the

third to the fifth day of flight.

Circadian rhythms of activity and temperature were shown to
persist in the space environment although entrainment to the light
and dark cycle appeared to be weaker than on Earth. Changes were
also seen in the levels of circulating calcium.

Rodents

Pregnant females gained less weight during flight than during
the synchronous control experiment. Decreases in muscle and liver
mass, hemoglobin, and amniotic fluid were also apparent in flight
rats.

Offspring of flight dams appeared to have impaired auditory
detection capability and possibly vestibular supersensitivity. Other
perturbations in development caused by the space environment
may have been compensated during the five days between biosat-
ellite recovery and birth.

Additional Reading

Gazenko, O.G., ed. Ontogenesis of Mammals in Microgravity. NASA
TM- 103978, April 1993. [A translation of Ontogenez Mlekopitay-
uschikh vNevesomosti, Nauka Publishers, Moscow, 1988.]

Mains, R.C. and E.W. Gomersall. U.S. Monkey and Rat Experi-
ments Flown on the Soviet Satellite Cosmos 1514. Final Re-
ports. NASA TM-88223, May 1986.
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MISSION PROFILE: Cosmos 1667

Mission Duration: 7 days
Date: July 10-17, 1985

Life Sciences Research Objectives (U.S.)

To study blood pressure and flow responses in primates
exposed to microgravity

To correlate other simultaneously recorded physiological
information with cardiovascular results

Life Sciences Investigations (U.S.)  [p. 309]

Cardiovascular/Cardiopulmonary (C1667-1)
Organisms Studied (U.S)

Macaca mulatta (rhesus monkey)

Flight Hardware (U.S.) [pp. 474-475]
Cardiovascular Experiment Hardware - Mod. 1
U.S.S.R.-provided—see Appendix 3

Publications  [pp. 432-433]

Cosmos 1667

The second Cosmos biosatellite mission with a primate payload was
launched on July 10, 1985. The biosatellite was recovered on July 17
after the 7-day mission was completed. Mission parameters were
very similar to those of Cosmos 1514. Countries participating in the
mission included the U.S.S.R., the U.S., France, Czechoslovakia,
the German Democratic Republic, Poland, Romania, Bulgaria, and
Hungary. The U.S. conducted a single cardiovascular experiment
on one of the two flight monkeys. Rats and other organisms were
also flown, but no U.S. experiments were conducted on those
specimens.

Although the U.S. experiment on the Cosmos 1667 mission was
meant to be a repeat of the Cosmos 1514 cardiovascular experi-
ment, several improvements were implemented on this mission.
Modified post-surgery animal handling procedures minimized the
risk of damaging the transducer implants. Data was sampled and
recorded more frequently during the in-flight period. Two monkeys
with flight-type cardiovascular instrumentation were studied in a
ground-based synchronous control experiment; postflight cardio-
vascular tests were not conducted after Cosmos 1514. Postural tilt
tests were conducted during the preflight and postflight periods in
several animals to establish a ground-based pool of normal data for
this procedure. This data was compared with the similar body fluid
shifts thought to occur in flight. Instrument calibration procedures
were modified on this mission to ensure that blood pressure mea-
surements would be accurate.
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U.S. Life Sciences Research Objectives

The main objective of U.S. participation in the Cosmos 1667 mission
was to measure carotid artery pressure and blood flow during the in-
flight period. The U.S. provided all flight and ground support
instrumentation for this experiment. Raw analog data from flight and
ground control experiments were transferred to the Cardiovascular
Research Laboratory at ARC for analysis. Hemodynamic data were
to be correlated with concurrently recorded Soviet data. A similar
correlative study was performed during the Cosmos 1514 mission,
where blood flow velocity was compared to cardiac output as deter-
mined by impedance cardiography. Another goal of the primate
cardiovascular experiment on Cosmos 1667 was to use the data
obtained to estimate oxygen delivery capacity to the brain during
space flight. This procedure was postponed to a future mission
because the external carotid artery needed to be ligated to measure

brain blood flow.
U.S. Life Sciences Payload
Organisms

Two rhesus monkeys (Macaca mulatta) named Gordyy and Oom-
kawere flown onboard the biosatellite. Each animal weighed approx-
imately 4 kg. Both were instrumented for Soviet neurophysiology
studies. The instruments consisted of bilaterally implanted micro-
electrodes in the vestibular nuclei, and electrooculogram and elec-
troencephalogram electrodes. The U.S. cardiovascular experiment
was conducted on Gordyy, who was implanted with a device to
measure blood pressure and flow in the left common carotid artery.

Hardware

As in the Cosmos 1514 mission, monkeys were housed in Soviet
BIOS capsules. U.S. hardware developed for the Cosmos 1514
cardiovascular experiment was used again on this mission. A baro-
metric pressure recorder mounted in the primate capsule was used
to correct and normalize the implanted pressure sensor to 760 mm
of mercury.

Operations

Two monkeys with cardiovascular instrumentation, Kvak and Sam-
urai, were used in a synchronous control experiment. A vivarium
control experiment was also carried out to determine the animals’
responses in a non-stressed environment. Orthostatic (tilt) tests
were performed on Gordyy, Kvak, Samurai, and three other animals
with cardiovascular instrumentation. These tests were designed to
simulate the fluid shifts that occur in animals exposed to micrograv-
ity.

Flight candidate monkeys were trained to operate flight food
and juice delivery systems and to tolerate simulated launch and re-
entry g loads, flight couch confinement, isolation, and other envi-
ronmental factors. Other training consisted of behavioral tasks
related to Soviet vestibular studies.

Cardiovascular instrumentation was implanted in one flight
animal and in two control animals about two months prior to the
flight. Tilt tests were performed on these animals during the
preflight period. Preflight data were also gathered on transducer
cross calibration, control monitoring, and bioengineering tests.
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Synchronous Vivarium
Flight Control Control Tilt Tests Light Dark
1 2 3 6
Number/names of (Gordyy, Kvak,
CV-instrumented (Gordyy) (Kvak, Samurai, | (Angel, Fronya, | Samurai, Angel, n u u u L u L u EEEEEEEEEEEEEEE
monkeys Gordyy) Troll) Fronya, Troll) : : : : : : : R T .
Launch/recovery 01 23 4 56 7 8 91011 1213 14 15 16 17 18 19 20 21 22 23 24
stress none not ) ) o Hours .
* noise applicable Il;'gft;(r)z 4-44: Daily in-flight data sampling on Cosmos 1667. Each sampling
e vibration
» acceleration / |\ actual | / |\ simulated
. 500 grams/ 500 grams/ not (Samurai) three days after flight. Both of these animals and one
Food available* . " ) " unknown . . . .
animal/day animal/day applicable other control animal (Kvak) participated in a ground-based syn-
— — chronous control experiment one month after the termination of
Housing l l X the flight experiment. Tilt tests were again performed, this time on
individual individua not Gordyy, Samurai, Kvak, and three others, after the synchronous
capsules capsules colony cage applicable control experiment was completed. After all necessary tests had
. been performed, the data were transferred from Soviet tape
Environment [:C):] [:C):] d US. t d
« temperature o~ ndard recorders to U.5. tape recorders.
« humidit simulate standar not
oy spacggraﬁ spacecraft laboratory licabl Results
« lighting, etc. conditions i h applicable
conditions conditions . . L
— The experiment performed on this mission served to strengthen the
g;igltat/ona/ microgravity 1g 19 postural tilt data obtained from the experiment conducted aboard Cosmos

*Amount actually consumed may be less.

**A total of 400 grams of juice/day/monkey also available if all psychomotor
tasks completed.

Table 4-9: Cosmos 1667 flight and control monkey experiments.

During the flight, 5-minute sampling periods every 2 hours in the
16-hour “lights on™ period provided carotid flow, carotid pressure,
ECG, time code, and ambient pressure data (Fig. 4-44). Data were
sampled for 5 minutes every 30 minutes during the “lights off” period.

Tilt tests were performed on the flight animal with cardiovascu-
lar instrumentation (Gordyy) and one instrumented control animal

1514. The most apparent cardiovascular changes were a rapid
initial decrease in heart rate followed by further decreases upon
continued exposure to the microgravity environment. The changes
appeared to be adaptive, and may have served to maintain an

adequate supply of blood to the brain during space flight.
Additional Reading

Hines, ].W. and M.G. Skidmore. U.S. Primate Cardiovascular
Experiment Flown on the Soviet Biosatellite Cosmos 1667. Final
Report. NASA TM-108803, May 1994.
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1887

Mission Duration:
Date: September 29-October 12, 1987

Life Sciences Investigations (U.S.)

Flight Hardware (U.S.)

Publications

MISSION PROFILE: Cosmos 1887

12.5 days

Life Sciences Research Objectives (U.S.)

To quantitatively analyze the skeletal changes in primates
exposed to microgravity

To study effects of space flight on biological systems in rats
To measure radiation levels in space

[pp. 310-342]

Cardiovascular/ Cardiopulmonary (C1887-1.1, 1.2)
Immunology/ Microbiology (C1887-2)

Musculoskeletal (C1887-3, 4, 5.1,5.2,5.3,5.4,6,7, 8, 9,
10.1,10.2, 11, 12, 13)

Neuroscience (C1887-14, 23.2)Radiation/ Environmental
Health (C1887-15)

Regulatory Physiology (C1887-16, 17.1, 17.2, 18, 19, 20, 21,
22.23.1, 24.1, 24.2, 24.3)

Organisms Studied (U.S.)

Rattus norvegicus (rat)
Macaca mulatta (rhesus monkey)

[pp. 524-525, 532-533]
Radiation Detectors

U.S.S.R.-provided—see Appendix 3

[pp. 433-440]

Cosmos 1887

On September 29, 1987, the U.S.S.R. launched Cosmos 1887, a
biosatellite carrying biological and radiation physics experiments
from 9 countries. The biosatellite returned to Earth on
October 12 after a mission of 12.5 days. The landing was several
hundred miles from the expected recovery site, which caused
considerable difficulties.

The biological payload on the spacecraft included 2 primates,
10 rats, fruit flies, stick insects, beetles, guppies, Hynobiidae,
chlorella ciliates, newts, and corn. More than 50 NASA-
sponsored scientists were involved in conducting the 33 U.S.
experiments onboard. One of these experiments, a study of
radiation levels in the space environment, did not require the use
of any biological subjects. The U.S. conducted only one experi-
ment on the primates flown on the biosatellite. The remaining
U.S. experiments were performed on tissue samples from five of
the flight rats. A number of these experiments were extensions of
the studies conducted on the Spacelab 3 mission in April 1985.

The other countries involved in conducting experiments on
the mission were the Soviet Union, Poland, Czechoslovakia, the
German Democratic Republic, France, Romania, Bulgaria, and
Hungary. The ESA also sponsored some experiments.

The U.S. was responsible for developing flight and ground-
based hardware, testing of hardware and experiment procedures,
developing rat tissue sampling procedures, and transferring tis-
sues and data from the Soviet Union after the flight. One of the
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mission’s noteworthy features was the Rat Biospecimen Sharing
Program, which allowed scientists in diverse disciplines to analyze
a large number of rat tissue samples.

U.S. Life Sciences Research Objectives

The objective of the U.S. experiments was to investigate the effect
of microgravity on various body systems. The primate experiment
was designed to study the growth and development of the periph-
eral skeleton. Rat studies encompassed a broad array of scientific
disciplines. The effects of microgravity on cardiac, liver, small
intestine, and bone tissue, liver function, skeletal growth, hormone
levels, and metabolism were studied using various approaches.
Other studies investigated changes in the immune, nervous, and
reproductive systems, in muscle and connective tissue, and in
skeletal and mineral homeostasis. Another experiment was con-
ducted to evaluate radiation exposure during the flight and to
measure the shielding effectiveness of the spacecratft.

U.S. Life Sciences Payload
Organisms

Ten 12-week-old male specific pathogen free Wistar rats (Rat-
tus norvegicus) were flown on the biosatellite. Two rhesus
macaques (Macaca mulatta), named Drema and Yerosha, also
occupied the biosatellite.

Hardware

U.S.S.R.-Provided

The rats were housed together in a single rodent BIOS as in
Cosmos 1514. An atmospheric pressure of 760 mm mercury was
maintained inside the cage. Average humidity within the BIOS
was about 58 percent, and the ambient temperature ranged from
22° to 23°C. Lights remained on for 16 out of every 24 hours.

The monkey BIOS capsules used to house the flight monkeys
were identical to the ones used on the Cosmos 1667 mission.

U.S.-Provided

Hardware for the radiation dosimetry experiment included a
Lexan box detector assembly, a thermoluminescence detector
assembly, sealed plastic stacks, and activation foil assemblies
placed inside and outside the spacecratft.

Four types of temperature controlled biotransporters were developed
for the mission. These units were essential for ensuring the success of
the Rat Biospecimen Sharing Program. The electrically powered
biotransporter used to move specimens from the recovery site to
Moscow could be kept at 23°C for atleast 40 hours. If needed, it could
also be set to 6°C or 37°C. Specimens were transferred from Moscow
tothe U.S.in4°C,-23°C or —70°C biotransporters, depending on the
requirements of specific tissues. The 4°C transporter had a battery-
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operated heating system and refrigerant packs, and was capable of
maintaining temperatures between 2°C and 10°C for at least 72 hours.
The —23°C biotransporter also had refrigerant packs and could keep

Basal

Synchronous Vivarium Control
Flight Control Control (preflight)
Rats Monkeys Rats Monkeys Rats Monkeys Rats
Number of subjects 10 2 10 2 10 2 10
Launch/recovery
stress
* noise none none none
« vibration
« acceleration / | \ actual / | \ actual / | \ simulated / | \ simulated
40 grams/ 500 40 grams/ 40 grams/ 40 grams/
Food available* animall/day | grams/day** animal/day | 500 grams/day** | animal/day unknown animal/day
N\ N SN o N\ N
P V7 | | v = I\ I N5
group individua group individual group group
housing capsules housing capsules housing colony cage housing
Environment [:C):] [:C):] [:C):]
* temperature simulated simulated standard standard standard
* humidity spacecraft spacecraft spacecraft spacecraft laboratory laboratory laboratory
* lighting, etc. conditions conditions conditions conditions conditions conditions conditions
Gravitational
force microgravity | microgravity 1 g force 1 g force 1 g force 1 g force 1 g force

*Amount actually consumed may be less.
** A total of 400 grams of juice/day/monkey also available if all psychomotor tasks completed.
Table 4-10: Cosmos 1887 flight and control rat and monkey experiments.

specimens frozen at temperatures between —5°C and —-35°C. The
—70°C biotransporter contained dry ice and could keep specimens
frozen for at least 48 hours.
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Operations

The general experiment design for this mission was similar to that
on earlier missions. Basal, synchronous and vivarium control
experiments were conducted, on 3 groups of 10 rats. Preflight
control data were obtained from the basal control group. Diet,
temperature, humidity and lighting were similar to conditions
expected in flight. The vivarium control group was maintained in
standard laboratory conditions. The same amount of food was
available to animals in this group as for the flight group, but it was
provided in a single daily ration. The environmental conditions
experienced by the flight animals during the period immediately
following landing were not simulated for this group. Animals in the
synchronous control group were exposed to conditions identical to
those experienced by the flight animals, except for the re-entry g
force and the postflight transportation conditions. These conditions
included the g force and vibration of launch, the 42-hour postflight
food deprivation, and the disrupted lighting regimen and temper-
ature variations experienced by the flight animals because of the
unexpected off-target landing. Euthanasia of synchronous control
rats was postponed for the same period as for the flight experiment.

X-rays were taken of both legs and both arms of flight monkeys
at two months and one month before flight, for a musculoskeletal
study.

Rats were acclimated to flight-type cages beginning nearly
three weeks before launch. Rats in the basal control group were
euthanized five days prior to launch. Tissue samples from these rats

were frozen or refrigerated for later shipment to the U.S. Flight rats
were placed in the spacecraft 46 hours before launch.

No preflight measurements were taken for the radiation dosim-
etry experiment because all dosimeter units were designed for a
single exposure. Dosimeters were assembled in the investigator’s
laboratory with NASA oversight, and were then transported to the
U.S.S.R.in a specially designed lead-lined case. Before launch, the
dosimeters were placed in various external and internal locations on
the spacecraft and the craft photographed to document the ar-
rangement of the units.

During the flight, rats consumed about 50 grams of the paste
diet daily, which included approximately 35 ml of water. The rats
also drank about 2.5 ml of water per day.

One of the monkey feeders began to malfunction during the
second day of flight. Extra juice was made available to the monkey
by a backup juice dispenser. The health condition of the animal was
carefully monitored from the ground. A decision was eventually
made to shorten the mission to 12.5 days from the planned length
of 14 days. The normal light cycle was interrupted before re-entry
into the Earth’s atmosphere so that the animals would be awake for

landing.

The dosimeters located outside the spacecraft were held in a
flat container with a closeable lid. This lid was opened after launch
and remained open throughout the time in orbit. Before re-entry
into the Earth’s atmosphere the lid was closed to protect the
dosimeters.
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The biosatellite landed in Siberia about 1800 miles from the
expected recovery site. Landing force was estimated to be about
3—4 ¢. The spacecraft was eventually located about three hours after
it landed. A heated tent was constructed around the spacecraft to
keep the animals warm since the outside temperature ranged from
-5°C to —20°C. The lights had become extinguished during the
landing, so the animals remained in the dark until they were moved
from the biosatellite into transport cages. Because the ventilation
system functioned well after landing, an adequate air supply was
maintained within the biosatellite.

Although the biosatellite was recovered 3 hours after landing,
20 more hours elapsed before the animals were transferred to
transport cages. The cages reached the planned recovery site only
after being transported in a bus, an airplane, and a van for 10 more
hours.

Monkeys were subjected to brief clinical examinations at the
recovery site. Other examinations were carried out from 2 to 12
days after recovery. A 25 percent weight loss was noted in Yerosha,
the monkey with the inoperable in-flight feeder. The other monkey,
Drema, gained 140 grams. Postflight x-rays were taken of both
monkeys and the six control monkeys after the flight.

Temperature was not recorded in the rat cages after the biosat-
ellite landed, but postflight calculations indicated that the internal
temperature had decreased slowly to a minimum of about 12°C.
The rats were apparently not adversely affected by the low temper-
ature, since they neither huddled nor were cold to the touch when
the cages were opened. They seemed healthy and well groomed.

Because the rat feeders did not function after landing, the rats
were deprived of food for 42 hours from the time they were last fed
in flight. Itis not known whether the rats had access to water during
the period of time between landing and recovery. Both food and
water were provided to the animals after they were moved from the
flight cages to the transport cages. The flight rats were euthanized
48-56 hours after landing, and tissue samples were obtained by a
team of Soviet specialists. Some 2000 tissue samples were shipped
to the U.S. in the temperature-controlled biotransporters.

The dosimetry packages were returned to the U.S. in a lead-
lined transfer box 10 days after the biosatellite was recovered.
From the spacecraft’s re-entry profile, it was determined that some
high temperatures (not greater than 88°C) had existed in the
vicinity of the external dosimeters. However, the period of expo-
sure to these temperatures appeared to have been too brief to
produce significant differences in detector response.

Results
Primates

It was concluded that a modification of techniques used in the
primate skeleton experiment would enable subtle skeletal changes
to be found. Significant skeletal changes were noted in the flight
monkey with the malfunctioning feeder. Some changes were also
seen in the other flight monkey.

Rodent

The rat studies yielded good results on changes in muscle,
bone, heart, and liver tissue, liver function, testes, and metabolic
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and endocrine functions that presumably occurred as a conse-
quence of space flight.

Ad(ditional Reading

Ballard, R.W. and J.P. Connolly. U.S./U.S.S.R. Joint Research in
Space Biology and Medicine on Cosmos Biosatellites. FASEB
Journal, vol. 4, no. 1, January 1990, pp. 5-9.

Connolly, J.P., R.E. Grindeland, and R.W. Ballard, eds. U.S. Exper-
iments Flown on the Soviet Biosatellite Cosmos 1887. Final
Reports. NASA TM-102254, February 1990.

Grindeland, R. Cosmos 1887: Science Overview. FASEB Journal,
vol. 4, no. 1, January 1990, pp. 10-15.
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MISSION PROFILE: Cosmos 2044

Mission Duration: 14 days

Date: September 15-29, 1989

Life Sciences Research Objectives (U.S.)

To repeat the rat analyses on Cosmos 1887

To study the effect of space flight on circadian rhythms, tempera-
ture regulation and metabolism in the rhesus monkey

To study neuromuscular adaptation and the neurovestibular ef-
fects of space flight in the rhesus monkey

To measure radiation levels in space

Life Sciences Investigations (U.S.)  [pp. 343-390]
Cardiovascular/Cardiopulmonary (C2044-1, 2.1, 2.2, 2.3, 2.4, 3)
Immunology/Microbiology (C2044-4.1, 4.2)
Musculoskeletal (C2044-5,6,7,8,9.1,9.2,9.3,9.4,10,11.1,11.2,
12.1,13.1, 13.2, 13.3, 14.1, 15.1, 15.2, 16.1, 16.2, 17)
Neuroscience (C2044-12.2, 14.2. 18, 19)
Radiation/Environmental Health (C2044-20)
Regulatory Physiology (C2044-21.1, 21.2, 22, 23, 24, 25, 26.1,
26.2,27.1,27.2,27.3, 28, 29.1, 29.2)

Organisms Studied (U.S.)

Macaca mulatta (rhesus monkey)
Rattus norvegicus (rat)

Flight Hardware (U.S.) [pp. 484-485, 554-555, 534-535]
Circadian Rhythm/Temperature Experiment Hardware-Mod. 1
Temperature Recording System—Mod. 1
Radiation Detectors
U.S.S.R.-provided—see Appendix 3

Publications [pp. 440-451]

Cosmos 2044

Cosmos 2044 was the seventh Soviet biosatellite to orbit the Earth
with joint U.S./U.S.S.R. experiments onboard. The mission was
launched from Plesetsk on September 15, 1989. The spacecraft was
recovered on September 29 after flying for 14 days. Hungary, the
German Democratic Republic, Canada, Poland, Great Britain,
France, Romania, Czechoslovakia, and the ESA also participated in
the mission.

The joint U.S./U.S.S.R. experiments were conducted on 2
rhesus monkeys and 10 rats that were flown onboard the Cosmos
2044 biosatellite. The biological payload also included fish, am-
phibians, insects, worms, protozoans, cell cultures, and plants.
Many of the studies conducted on the biosatellite were repeats of
experiments flown previously on Cosmos 1887. The results from
many of those experiments were inconclusive because of the delay
in recovering the biosatellite. Consequently, the experimental sub-
jects had partially readapted to Earth gravity before postflight
testing could be performed.

U.S. Life Sciences Research Objectives

The Rat Biospecimen Sharing Program included 43 experiments
conducted by U.S. scientists on tissues from the flight rats. The goal
of the program was to extend the investigations conducted aboard
the Cosmos 1887 biosatellite, with a shorter specimen recovery
period. Methodologies used in Cosmos 1887 experiments were
duplicated and extended to maximize comparability. Among these
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were studies of the effects of microgravity on various tissues such as
the heart, lungs, small intestine, liver, muscle, bone, connective
tissue, and testes. Experiments were also carried out to determine
the response of the immune and endocrine systems to space flight.
Other studies were concerned with processes such as tissue repair
and skeletal growth in the space environment. The primates flown
on the spacecraft acted as experimental subjects for five studies that
dealt with the effects of space flight on neurovestibular, behavioral,
muscular, circadian rhythm, metabolic, and thermoregulatory re-
sponses. Another experiment was performed, without using biolog-
ical subjects, to evaluate the radiation environment inside and
outside the spacecraft.

U.S. Life Sciences Payload
Organisms

Primate experiments were conducted in flight on two male
Rhesus monkeys (Macaca mulatta) named Zhakonya and Zabiyaka.
These and other control monkeys were implanted with several
electrodes and sensors for recording physiological parameters.

Subjects for the rat experiments were male specific pathogen
free Wistar rats. The flight group and each of 3 control groups
contained 10 rats. Five of the rats in each group were surgically
treated so that tissue repair in space could be studied. Apart from
the synchronous control and the vivarium control experiments,
another control was carried out on this mission. The rats in this third
control group were placed in individual cages and suspended by
their tails in a head-down position, so that the weight of the lower

body was supported by the forelimbs. The objective was to remove
static loads from the hindlimbs and thereby to simulate the phys-
iological changes that occur in microgravity. Preflight data were
obtained from a basal control group of 10 untreated rats. Diet,
temperature, humidity and lighting for this group were kept con-
sistent with conditions expected in flight. Rats in this group were
euthanized at the time of launch in order to obtain baseline tissue
samples.

Hardware

The monkey subjects were housed in flight in two primate
BIOS units, similar to the ones used in previous Cosmos missions
(see the Cosmos 1514 section). The food/juice dispenser nozzle
was modified to prevent the malfunction that occurred on Cosmos
1887. A great deal of hardware was used in conducting the pre-
flight, in-flight, and postflight primate experiments. The U.S.S.R.
provided much of this hardware. The U.S. developed flight hard-
ware for the circadian rhythm/thermoregulation experiment, two
ambient temperature recorders for the radiation dosimetry exper-
iment, various ground support hardware for the other experiments,
and temperature-controlled biotransporters for transferring spec-
imens from the U.S.S.R. to the U.S.

Several sensors were used to obtain data for the circadian
rhythm/thermoregulation experiment. Motor activity was moni-
tored by a piezoelectric sensor attached to each monkey’s jacket.
Thermistors attached to the monkeys at three different positions
yielded data on skin temperature. Two thermistors attached to the
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top and bottom of each primate chair provided ambient tempera-
ture values. The Soviets provided additional data on axillary tem-
perature and heart rate. All data required for the experiment were
recorded on a self-contained signal processing and digital data
storage device. An interface box was used to connect the sensors to
the signal processor. A ground readout unit was developed for the
experiment to test signal processor operation, initiate data sam-
pling, and recover data from the signal processor. A signal simulator
provided simulated biological signals for testing the flight hardware
on the ground.

Two magnetic scleral search coils were surgically implanted in
the right eye of flight and control monkeys for one of the neuroves-
tibular experiments. Eye movements were recorded preflight and
postflight in response to vestibular and optokinetic stimuli provided
by a rotator with a three-axis optokinetic stimulator. Recordings of
eye movement were made with the animals in an upright position
and at several angles of tilt with respect to the gravitational axis of
the Earth. The optokinetic stimulator consisted of a light device
that projected moving shapes onto a domed screen surrounding the
animals’ visual field (Fig. 4-45). Movement of shapes at different
speeds allowed the animals to be exposed to varying surround
velocities. During these preflight and postflight studies, animals
were kept in primate chairs with modified head restraint. Eye
movement recordings were calibrated by means of an eye coil
system. Data were recorded on videotapes and computer disks.

Flight and control monkeys were also implanted with head
restraint devices, eye movement electrodes, and neural afferent

recording systems. The intent was to measure eye position and
discharges from semicircular canal and otolith afferents in response
to complex vestibular stimulation. These vestibular parameters
were measured periodically during space flight. Vestibular stimula-
tion for preflight and postflight ground studies was provided by
rotating the primate chairs on a computer-controlled motor-driven
rotator (Fig. 4-46). In flight, preflight, and postflight data were
exchanged between the U.S. and the U.S.S.R.

EMG implants were made in the soleus, medial gastrocnemius,
and tibilias anterior muscles of the flight and control monkeys by
Soviet specialists. Raw EMG data were copied from the Soviet
primary data tapes onto tapes provided by the U.S. The U.S.
supplied a primate restraint chair and equipment for the postflight
muscle biopsy procedure. No experimental hardware was required
in flight for the primate metabolism experiment or the rat studies.
Ground support equipment for injecting primates with doubly
labeled water for the metabolism experiment and for processing
and transporting specimens was provided by the U.S.

The U.S. supplied four biotransporters for transferring speci-
mens in temperature-controlled environments. Two of these were
thermoelectric units used to move specimens by aircraft from the
biosatellite recovery site to Moscow. They were designed to main-
tain internal temperatures of 23°C and 4°C. In addition, two passive
biotransporters were used to maintain specimens at about 4°C and
at =70°C during the transfer from Moscow to ARC.
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Considerable effort was invested in developing hardware for
the radiation dosimetry experiment. Two four-channel ambient
temperature recorders were developed for the study. These were
small, self-contained, battery-operated units that were mounted on
the outside of the spacecraft to measure and record temperature
data at pre-selected sampling rates on one to four channels. The
data were stored in solid-state memory and readout postflight
through a ground-based computer. The remarkable feature of the
recorder was its ability to measure temperatures ranging from
-50°C to 50°C with an accuracy of £1°C and a resolution of 0.5°C.

Other hardware required for the experiment included several
radiation dosimeters located both external and internal to the
spacecraft, and some nuclear track detectors located external to the
spacecraft.

Operations

As mentioned previously, there were four types of control
experiments performed in support of the in-flight rat studies.
Synchronous and vivarium control studies were conducted as in
earlier Cosmos flights. A basal control group provided baseline
preflight data. A tail suspension control group furnished data in
simulated space flight conditions.
Small skin, bone, and muscle wounds
were surgically created in the hind-
limbs of five of the flight rats two
days before flight, so that in-flight

tissue repair could be studied. At

launch, all rats were approximately
14 weeks old. Preflight procedures
for the circadian rhythm/thermo-

regulation experiment consisted of
developing and verifying the sensor
attachment method, restraint testing
of monkeys, sensor implantation,

conditioning subjects to skin sensor

Lights Off

Figure 4-45: The operating principle of an optokinetic stimulator. Stripes are cut out of a ball and a light is placed
inside the ball (left). When the light inside is switched on and the ball is rotated, moving stripes are cast on the

Lights On attachment, and conduct of experi-
ment verification and bioengineer-

ing tests. For the neuromuscular

surrounding wall (right). (a) Chamber cross section with round door opened, (b) light projector; and (c) primate

chair.
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Figure 4-46: The monkey could be rotated along three different axes by the
vestibular stimulator using the three different motor/rotor sets. (a) monkey
carrier; (b) motor; (c) rotor; and (d) multi-axis rotator.

study, EMG recordings were made and muscle biopsies were taken
from non-instrumented limbs. The U.S. scientist in charge of the
radiation dosimetry experiment assembled flight and ground con-
trol dosimeter units. They were shipped to the U.S.S.R. and mount-
ed inside and outside the biosatellite.

No in-flight data were obtained from the rats flown on the
biosatellite other than group measurements of food and water
consumption. Combined U.S. and Soviet measurements made on
the primates during the in-flight period included skin temperature,
axillary temperature, motor activity, heart rate, metabolic rate,
EMG activity, recordings of eye and head movements, and nerve
activity. The clamshell cover on the dosimeter compartment out-
side the spacecraft was kept open during launch. Continuous
measurements were made during the period spent in orbit. The
cover was closed for biosatellite re-entry.

The flight subjects were recovered from the landing site with
minimal delay. Flight rats were euthanized between five and eight
hours after landing. Rats in all experimental groups were eutha-
nized at the same time of day. Tissues were collected and preserved
as stipulated by individual experiments.

Muscle biopsies were taken from the same sites in rats and
monkeys, and these data were subsequently compared to biopsies
taken from astronauts. Postflight studies were conducted on the
monkeys to obtain EMG and neurovestibular data. Immediately
after biosatellite recovery, radiation dosimeters were placed in a
lead-lined case and transported to Moscow along with the temper-
ature recorders.

Results
Primates

The two flight monkeys tolerated the flight well. An average of
65 percent of the preflight daily food intake was consumed by the
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Basal Tail-
Synchronous Vivarium Control Suspension
Flight Control Control (preflight) Control
Rats Monkeys Rats Monkeys Rats Monkeys Rats Rats
Number of subjects 10 2 10 2 10 2 10 10
Launch/
recovery stress
* noise none none none none
* vibration / \ / \ / \ ] / \ ]
 acceleration | actual |\ actual | simulated | simulated
40 grams/ 500 grams/ 40 grams/ 500 grams/ 40 grams/ 40 grams/ 40 grams/
Food available* animal/day animal/day** animal/day | animal/day** animal/day unknown animal/day animal/day
SN——— N — . Y ~_______\ —\
) X X X X X X X X X '
we |l (] |G § (@ (@& '
group individual group individual group group individual
housing capsules housing capsules housing colony cage housing cages
Environment K):] DC)j [:O:] [:O:]
« temperature simulated simulated standard standard standard standard
« humidity spacecraft spacecraft spacecraft spacecraft laboratory laboratory laboratory laboratory
o conditions conditions conditions conditions conditions conditions conditions conditions
* lighting, etc.
itati simulated
g;izltat/onal microgravity | microgravity 1 g force 1 g force 1 g force 1 g force 1 g force microgravity
*Amount actually consumed may be less.
**A total of 400 grams of juice/day/monkey also available if all psychomotor tasks completed.
Table 4-11: Cosmos 2044 flight and control rat and monkey experiments.
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monkeys during the in-flight period. The lower food intake was
thought to be related to a decreased energy expenditure in micro-
gravity.

Rodents

When the BIOS-vivaria unit was opened at the recovery site the
rats were active and in good condition. No pathological effects were
found in the rats, but changes were seen in various body systems.
Regional changes were noted in bone. Plasma levels of calcitonin
had decreased and parathyroid hormone levels had increased.
Changes found in muscle included decreased mass and fiber cross-
sectional area, fewer slow-twitch fibers, and more fast-twitch
fibers. Changes were measured in levels of various muscle enzymes
and in protein and RNA levels. Cardiac studies showed that a
number of changes had occurred in heart structure and chemistry.
Changes were also found in hormone levels, metabolism, and the
immune, nervous, and reproductive systems. Both muscle and bone
repair processes appeared to be inhibited after space flight.

Radiation

For the first time, in-flight temperatures were recorded for
radiation dosimeters located outside the biosatellite. These mea-
surements were very useful for interpreting radiation dose data.

Ad(ditional Reading
Connolly, J.P., R.E. Grindeland, and R.W. Ballard. U.S. Monkey

and Rat Experiments Flown on the Cosmos 2044 Biosatellite.
Final Reports. NASA TM-108802, September 1994.

Grindeland, R.E., R.W. Ballard, J.P. Connolly, and M.F. Vasques.
Cosmos 2044 Mission: Overview. Journal of Applied
Physiology, vol. 73, no. 2, August 1992, pp. 51-53.

Morey, E.R. Spaceflight and Bone Turnover: Correlation with a
New Rat Model of Weightlessness. Bioscience, vol. 29, 1979.
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Cosmos Missions After 1990

The next mission in the Cosmos biosatellite program was Cosmos
2229, launched in December 1992. A brief outline of the mission
is included here.

The Cosmos 2229 spacecraft orbited the Earth for almost12
days. The payload, also designated Bion 10, contained 13 U.S. life
sciences experiments. Studies focused on bone, neuromuscular
and vestibular physiology, circadian rhythms, and metabolism.
Two rhesus monkeys served as experimental subjects on the mis-
sion. As on previous Cosmos biosatellite missions, the monkeys
were trained to activate food and juice dispensers. In addition, they
were trained to operate a foot pedal so that muscle responses could
be studied in flight. For in-flight neurovestibular testing, the
monkeys were trained to make hand and head movements in
response to visual stimuli.

Several of the hardware elements on the biosatellite were
improved for Cosmos 2229. The in-flight data recording system
was enhanced, making high-quality brain and neuromuscular re-
cordings possible. The monkey feeder system was improved, and a
backup juice dispenser was available. The monkey restraint system
was modified to allow more arm movement. The neurovestibular
data acquisition system was updated through a joint U.S.-Russian
development effort, allowing more parameters to be recorded in

flight.

Cosmos 2229 was the last designated mission in the Cosmos
biosatellite series. The Russian Space Agency and its international

collaborators in space life sciences research are presently consider-
ing new possibilities for conducting future joint investigations on
biosatellites.

Future Programs/Facilities

The U.S., in conjunction with the international space community,
is pursuing two different approaches to advance space life sciences
research in the coming decades. The first is to establish a more
permanent manned presence in space, including biological
research facilities. The second is to increase the capability to carry
out frequent space biology investigations on unmanned orbiting
satellites.

Manned Stations

Long-term investigations must be carried out in space to fully
understand biological adaptation to the microgravity environment.
Subtle changes have been noted in physiological systems during
short-duration space flights, but the implications of many of these
changes are not yet clear. Furthermore, the effect of microgravity
on life cycles and evolutionary processes can only be investigated
by studying multiple generations of organisms.

The future focus of NASA’s space life sciences program is
driven by its plans to eventually build a space station. International
Space Station facilities are being proposed for studies in space
medicine and space biology. The intention is to study the conse-
quences of long—term exposure to the space environment and to

Programs and Missions
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permit human habitation in space. Research is expected to be
carried out onboard the space station using animals, plants, and
humans. The space station may also be used to study biologically
important compounds in space and on other planets via remote
observation and to study global ecology.

Design and development of the space station is a difficult task
for several reasons. From an engineering point of view, there is the
primary problem of constructing the station in space. The Space
Shuttle may be the means by which equipment and materials are
moved from the Earth to the station while it is under construction.
From a biomedical point of view, developing medical care for
humans inhabiting space for long periods is a real challenge,
especially because normal adaptive responses to microgravity must
be recognized before illness can be clearly diagnosed. Increased
duration flights also raise the need for onboard reclamation and
production of air, water and food.

A space station would have to be built in several stages, achiev-
ing first a man-tended capability and finally a capability to support
a permanent manned presence in space. Such a station may include
several pressurized modules. One module could provide a habitat
for crew and research personnel, and the others could serve as
laboratories. Polar-orbiting platforms for Earth observation could
also be included. In later stages of construction, other structures
might be added to the station, including an extra support structure
for attaching more payloads and platforms moving in the same orbit
as the station.

The proposed space station is expected to be an international
venture, with several countries contributing to varying degrees.
The ESA, Japan, and Canada are involved and Russian participa-
tion has been negotiated by President Clinton.

Many ground-based life sciences research facilities at ARC can
directly support the space station program. Some scientists inves-
tigate the potential effects of space flight on primate vestibular
organs in a vestibular research facility. Others use a psychophysiol-
ogy laboratory to determine the effectiveness of biofeedback to
counteract undesirable neurovestibular effects. Still others study
human adaptability to altered environmental conditions such as
simulated space flight deconditioning in a human research facility.
A 20 g human centrifuge is employed to examine the effects of
hypergravity on biological subjects, specimens, and instrument

packages to qualify them for flight.

A gravitational biology facility is being designed to carry out
studies with smaller research subjects under microgravity condi-
tions. ARC is planning to build a centrifuge facility that can be used
to study the effects of varying gravitational stimuli on a wide range
of research subjects during space flight. Both facilities are pro-
posed for incorporation on a space station.

The U.S. is also planning to carry out research on the Russian
Mir space station. This joint U.S./Russian effort is expected to
begin in 1995, when the Space Shuttle is scheduled to dock with the
Mir Space Station. This joint effort may be a natural step toward an
international Space station.
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Biosatellites

An unmanned free-flyer biosatellite offers several advantages to
researchers in the life sciences. One important consideration for
gravitational biologists is the ability to achieve a very low gravita-
tional force. It is difficult to attain consistently low levels of accel-
eration on manned vehicles because many normal operations
produce significant accelerations. The quiescent background accel-
eration in the Space Shuttle amounts to about 10-4 g, punctuated by
bursts of higher levels. This is of concern to gravitational biologists
because the gravity receptor organs of some plant and insect species
seem to respond to stimuli even below 104 g.

NASA has considered several options for flying future experi-
ments on unmanned space vehicles, but a plan has yet to be fully
implemented. One possibility is to use a version of the Russian
Cosmos biosatellite, modified for longer-duration flight and larger
payloads. Whatever concept is eventually selected, such a venture
is likely to be an international effort because of the need to pool
resources.

Additional Reading

Anonymous. Getting a Payload Aboard Station is Hard Work.
Station Break, vol. 3, no. 9, November 1991.

Anonymous. Guide to the Life Sciences Flight Experiments
Program. NASA, unpublished report, July 1984.

Ballard, R.W., et al. The Reusable Re-entry Satellite: A New Capa-
bility for NASA—A Vehicle for International Cooperation.
IAF 89-015, 1989.

NASA. Life Sciences Research on the Space Station—
An Introduction. NASA TM-86836, September 1985.
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Appendix |: Experiment Description

This appendix contains one-page descriptions of life science
experiments developed by the NASA Ames Research Center between
1965 and 1990.

Experiments in this Appendix have been defined based on the
science results reported from a given payload, regardless of the
number of official “experiments” flown on a given mission. Asaresult
there may be more experiments reported here than defined in the
original proposals to NASA. The primary objective is to represent
accurately the science produced.

Designations of “Investigator” and “Co-Investigator” are used
in these listings to identify appropriate individuals who performed or
contributed to the science generally and do not necessarily reflect the
utilization of these terms in NASA grants, contracts or investigator
proposals. Information was derived from experiment publications
and reports (see Appendix II). Due to size limitations, only the first
twelve “Co-Investigators” could be listed for each record. Payload
managers, payload scientists and other support persons are not listed,
although their contribution to the mission(s) which enabled each of
these studies should be noted.

Each experiment has been assigned a unique reference number,
consisting of:
e aprefix denoting the mission on which the experiment was
flown (e.g., C2044, SL3, etc.)
e a numerical designation, unique within each mission e.g.,
Experiments on Cosmos 2044 would be designated C2044-1,
C2044-2 etc.

e related or linked experiments (i.e., conducted under the
same proposal) have the same reference number, followed
by an additional decimal number (e.g., C2044-17.1 & C2044-
17.2), where the first decimal (x.1) indicates the primary
experiment, and others (x.2, x.3), secondary

Experiment information sources include:
e publications from the open literature
* NASA internal reports
* sources are listed in Appendix II, Experiment Publications

Each experimentdescription containsthe following: investigators
and appropriate institutions; experimenttitle, discipline area, research
subject species and common name, sex; numbers of flight and control
subjects used (when appropriate); experiment objectives, method
and results; alist of key flight hardware, and where to look in this book
for more information. U.S. flight hardware items are described in
AppendixIII, Flight Hardware. U.S.S.R. flight hardware for Cosmos
missions s listed in Appendix IIT and described briefly in the relevant
mission section of the text.

No attempt has been made to identify U.S.S.R. counterparts to
U.S. primary investigators (Cosmos only).
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Early Program Experiments

Mission Page number
(1Y 0 01 T TR 179
(CT=T0 01T TS 180
(=Y 0 01 2SR 181
Biosatellite I/l .......coeveiiiiie e 182
Biosatellite Il .......cooeveiiiiie e 196
APOIIO L7 203
OF O-A e 209
SKYIAD oo 212

Lists of experiments by discipline and reference number can be found in the
mission profiles in Section 4, Programs, Missions and Payloads.

Profile Page number
(1Y 0 01 T T 36
(=T 0 01T LS 38
(7Y 0 0] 0 2 40
Biosatellite /11 ..ccueiieeiiii e 46
Biosatellite 1 .....covivveiiiiei e 56
APOIIO L7 o 71
OF O A e 65
SKYIAD oo 79
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I Gemini 3 / Sea Urchin Egg Package G3-1

Title of Study

Objectives/Hypothesis

Sea Urchin Fertilization and Development

Science Discipline

Cell/Developmental Biology

The objectives of this experiment were to explore gravitational field effect on cells
exposed to low gravity conditions and investigate the effects of subgravity on fertil-
ization, cell division, differentiation and growth in a relatively simple biological
system. A later investigation was conducted several years later to assess the
toxicity of various plastic materials used in flight hardware to sea urchin sperm
and unfertilized eggs.

Investigator Institute

R.S. Young NASA-Ames Research Center

Co-Investigator(s) Institute Approach or Method

Tremor, J. W. NASA-Ames Research Center The specimens in four of the egg chambers were fertilized thirty minutes before

Toxicity Study

Willoughby, R. NASA-Ames Research Center

Research Subject(s)

launch; specimens in the other four chambers to be fertilized shortly after orbital
insertion, twenty minutes after launch. Growth of specimens in each group of
eggs was to be inhibited at different stages of development by the addition of a
fixative solution: two each of the four chambers fertilized preflight were to be
fixed at twenty minutes and one hour ten minutes, respectively; and two each of
the chambers fertilized inflight were to be fixed at one hour ten minutes and
three hours fifty minutes after launch. Each inflight operation was verified so
that the ground-based control experiment could be synchronized with the flight
experiment. Cabin temperature and time were recorded for each inflight
manipulation.

Results

Arbacia punctulata (Sea Urchin Eggs)
8 Specimen Chambers (4 fertilized preflight, 4 inflight)

Ground-Based Controls

8 Specimen Chambers (Syncronous)

Key Flight Hardware

Sea Urchin Egg Package

More Information

Mission p. 36-7; Publications p. 395; Hardware p. 550-51

The experiment was flown and recovered as scheduled. Immediately after recov-
ery, the experiment package was removed and returned to land for comparison of
the inflight and ground-based experimental specimens. The experiment objectives
were not achieved, primarily for mechanical reasons. The operating mechanism
for the package failed, and after mechanical failure, the handle did not actuate
the device for the inflight fertilizations/fixations. Also there may have been
sufficient leakage from the formalin chambers to result in egg damage. Such
problems resulted in an incomplete experiment and in conditions that were
prohibitive to accurate interpretation of the portion of the experiment that was
completed. Subsequent bio-compatibility studies by a separate investigator have
suggested that, while urchin eggs and sperm could be kept safely in hardware
made of various plastic materials if open to the air, when the hardware was closed
it was found to be toxic to the specimens.
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S G TN 8 / Frog Egg Package G8-1

Title of Study

Objectives/Hypothesis

Frog Egg Growth

Science Discipline

Cell/Developmental Biology

Investigator Institute

R.S. Young NASA-Ames Research Center

Co-Investigator(s) Institute

The objective of this experiment was to determine the effects of subgravity on
development in a gravity-oriented biological system, by determining the effect of
weightlessness on the ability of fertilized frog eggs to divide normally, and to
differentiate and form a normal embryo. The study was only partially completed
because of the early termination of the Gemini VIII mission.

Approach or Method

Tremor, J.W. NASA-Ames Research Center

Research Subject(s)

Several dozen frogs were injected with pituitary gland extract 48 hours prior to
launch to ensure ovulation at the desired time, and the best eggs from two were
selected for flight and fertilized by immersion in a sperm suspension made by
maceration of frog testes in spring water. Five eggs were placed in 10 em® of
spring water in each of the experimental chambers and maintained at 43 °F to
retard cell division until installation in the spacecraft 2.5 hours before launch.
Fixative was placed behind leakproof partitions, which when injected into the egg
chamber resulted in a 0.5% concentration of formalin. At forty minutes and two
hours ten minutes after lift-off, the pilot was to turn the handles on the experi-
ment package, letting the fixative into two of the chambers each time; two other
chambers were to be fixed prior to re-entry and the last two left intact. Eggs were
studied for gross morphological abnormalities in cleavage planes.

Results

Rana pipiens (Developing Frog Eggs)

40 Flight Eggs (20 fixed inflight, 20 not examined) Male/Female

Ground-Based Controls

20 Control Eggs; 20 Delayed Flight Control Eggs (Synchronous)

Key Flight Hardware

Rana (Frog) Experiment Package

More Information

Mission p. 38-9; Publications p. 395; Hardware p. 538-9

The first fixations were activated correctly (the second was fifteen minutes late),
while the mission ended before the later fixation times occurred. Although eggs
were fertilized on the ground and exposed space flight only after reaching the
two-celled stage, the pre-cooling of the eggs seemed sufficient in retarding
cleavage until the microgravity stage of the flight. Early stages of cleavage (2, S,
16, 32 and 64 cells) were successfully obtained; however, the later cleavage and
developmental stages were not reached. Cleavage appeared normal, but studies
using centrifuged frog eggs have indicated that the frog egg is most sensitive to
gravity during the time between fertilization and first cleavage. While a second
flight of this experiment would determine the effect of gravity on later stages of
development, technical difficulties in experimental implementation have pre-
vented studies on eggs fertilized in microgravity, before ever having a chance to
become oriented with respect to gravity.
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I Gemini 12 / Frog Egg Package Gi2-1

Title of Study

Objectives/Hypothesis

Frog Egg Growth

Science Discipline

Cell/Developmental Biology

In spite of the fact that the frog egg is known to orient itself with respect to
gravity during its very early development, preliminary results from Gemini VIII
suggest that a gravitational field is apparently not necessary for the egg to divide
normally. Although early cleavage stages were successfully obtained during the
first flight of this experiment, later cleavage and developmental stages were not
reached. The repetition of this experiment on Gemini XII was to provide the
desired later cleavage and embryonic stages necessary to complete the study of
microgravity effects on developmental processes.

Investigator Institute

R.S. Young NASA-Ames Research Center

Co-Investigator(s) Institute Approach or Method

Tremor, . NASA-Ames Research Center Frog eggs were prepared analogously to those flown eight months earlier on

Research Subject(s)

Gemini VIII; eggs were obtained from female frogs injected with pituitary gland
extract, fertilized and placed in egg chambers at 43 °F to retard cell division until
installation in the spacecraft. A temperature of approximately 70 °F was main-
tained at all times during the mission, including during extravehicular activity.

At 41 hours after launch, the pilot was scheduled to turn one handle on the experi-
ment package, injecting the formalin fixative into two of the four egg chamber.
The other handle was scheduled to be actuated 85 hours into the flight to fix the
eggs in one of the remaining two chambers, while the last chamber remained
unfixed so those embryos could be recovered alive. All embryos were studied after
recovery for gross morphological abnormalities, and histological examination and
electron microscopy were preformed.

Results

Rana pipiens (Developing Frog Eggs)
20 Flight Eggs (15 fixed inflight, 5 live)

Ground-Based Controls

20 Control Eggs; 20 Delayed Flight Control Eggs (Synchronous)

Key Flight Hardware

Rana (Frog) Experiment Package

More Information

Mission p. 40-41; Publications p. 395-6; Hardware p. 538-9

Results indicated that gravity is not necessary for differentiation and morpho-
genesis. Postflight analysis indicated that all the phases of the experiment were
performed as scheduled and with good results; the desired later cleavage and
embryonic stage were successfully obtained to complete the experiment. Ten
embryos fixed at 41 hours appeared to be morphologically normal when compared
to the ground controls, and no abnormalities were detected by gross observation.
Embryos fixed at 85 hours were properly developed and morphologically normal
tadpoles. The remaining five embryos left unfixed were found to be well devel-
oped, live, swimming tadpoles. Three were morphologically normal and two were
abnormal; however, abnormalities were not inconsistent with control embryos
and could not be ascribed to development under microgravity conditions. The
tadpoles died several hours after recovery for unknown reasons and were fixed for
histological sectioning. All such studies indicated normal development.
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I Siosatellite 11 / Experiment Capsule

Title of Study

BIO2-1

Objectives/Hypothesis

Genetic Effects of the Space Environment on the Reproductive Cells of
Drosophila Adults and Pupae

Science Discipline

Cell/Developmental Biology

Investigator Institute

L.S. Browning Rice University

Co-Investigator(s) Institute

This experiment was designed to study possible transmissible genetic damage in
the fruit fly caused by exposure to the conditions of space flight combined with
continuous ionizing radiation. The large variety of specimens for both stages of
maturity and genotype of reproductive cells gave the project an exploratory nature;
it was to be followed by careful selection, after return of data, of material most
suitable for testing in space.

Approach or Method

Altenburg, E. Rice University

Research Subject(s)

Irradiated (*°Sr: 1,200-1,500 r) and non-irradiated female adults and larvae were
compared with ground controls. Specimens were irradiated only during orbit, and
the dose received at the midpoint of space between the surface of the food and the
screen in each flight module was calculated from readings on LiF tubes attached
to the flight package. Eggs were laid in modules during flight, and those hatching
in the first three days after recovery were considered to have been laid when
flight conditions might possibly have affected chromosome rejoining during
fertilization. Recessive lethal, visible mutations at specific loci, translocations,
loss of dominant Y marker, cross-over in males, and nondisjunction were studied.

Results

Drosophila melanogaster (Fruit Fly)

1 Flight Population, 1 Irradiated Flight Population Male/Female

Ground-Based Controls

1 Flight Backup Population, 1 Irradiation Control Population, 1 Postflight
Vibration Control Population

Key Flight Hardware

Drosophila (Fruit Fly) Experiment Package; Radiation Source and Holder

More Information

Mission p. 46-55; Publications p. 396; Hardware p. 486-7, 536-7

Increases in recessive lethal frequency and decreases in translocation frequency
in mature sperm, and translocations and losses of dominant markers Y* and B
from the Y chromosome in pupal stage were found in the irradiated flight speci-
mens. In males that were irradiated with 4,000R of x-rays shortly before flight,
the frequencies of recessive sex-linked lethals and of translocations were not
significantly higher in the flight material than in the concurrent Earth-based
controls, but were significantly higher when compared with the concurrent plus
the postflight vibration controls. Changes could be attributed to vibration,
acceleration, or contamination of the capsule atmosphere with formaldehyde,
glutaraldehyde, and ethylene. Therefore there is no obvious direct evidence that
weightlessness, either alone or in combination, could produce genetic effects, but
neither can it be excluded as an interacting agent with other factors.
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I Siosatellite 11 / Experiment Capsule

Title of Study

BIO2-2

Objectives/Hypothesis

Possible Effects of Zero Gravity on Radiation-Induced Somatic Damage

Science Discipline

Radiation/Environmental Health

Investigator Institute

I.I. Oster Bowling Green State University

Co-Investigator(s) Institute

To determine to what extent weightlessness may affect the responses of somatic
cells to ionizing gamma radiation, immature stages (instar/pupal stages) of the
fruit fly were studied in conjunction with space flight and irradiation dose. Highly
specialized strains of the fruit fly were developed and later modified to meet the
needs of the Biosatellite program.

Approach or Method

None

Research Subject(s)

Sixty first instar larvae were placed in each of the eight flight modules. Ten first
instar larvae with ring chromosomes were selected for cytologic preparations.
Additional larvae were added to bring the count to 290. After flight the larvae
were examined for visual chromosome changes and some were allowed to develop
and breed. The larvae were exposed to a dose of 1,200 to 1,500 r of *Sr; one unit
was shielded. A similar configuration was used on ground controls, with three
additional controls being maintained. One important aspect of this experiment
was the incorporation of a ring-shaped X chromosome into some of the strands
used. In experimental conditions, ring chromosomes can persist as stable entities
until subject to breakage, serving to greatly amplify the sensitivity of this system.

Results

Drosophila melanogaster (Fruit Fly)

1 Flight Population, 1 Irradiated Flight Population Male/Female

Ground-Based Controls

1 Flight Backup Population; 1 Irradiated Control; 1 Postflight Vibration
Control

Key Flight Hardware

Drosophila (Fruit Fly) Experiment Package; Radiation Source and Holder

More Information

Mission p. 46-55; Publications p. 396; Hardware p. 486-7, 536-7

Although radiation did increase somatic and reproductive cell mortality, it did so
irrespective of whether the larvae had been subject to the particular conditions
present during flight (including weightlessness). However, a higher mortality of
orbited larvae than ground radiation-exposed larvae was noted with no detectable
difference in developmental time. Chromosomes flown and irradiated showed a
statistically significant increase in chromosome change over controls. Sex-
linked recessive lethals and crossing over were enhanced when the radiation was
delivered under conditions of weightlessness. Data suggest that radiation interacts
with weightlessness to induce more premature aging and chromosome damage in
actively growing and metabolizing specimens than in those irradiated on Earth.
Possibly some factor, more than likely weightlessness, is capable of causing
improper chromosome separation and formation of chromosome translations.
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I B/osatellite 11 / Experiment Capsule BIO2-3

Title of Study

Objectives/Hypothesis

Mutagenic Effectiveness of Known Doses of Gamma Radiation in
Combination with Weightlessness on Wasps

Science Discipline

Radiation/Environmental Health

This study was undertaken to survey mature sperm and all stages of oogenesis for
mutations, particularly dominant lethality, recessive lethal and visible mutation
frequencies, and inherited partial sterility under the combined conditions of
radiation and weightlessness.

Investigator Institute

R.C. von Borstel Oak Ridge National Laboratory

Co-Investigator(s) Institute Approach or Method

Smith, R.H. Oak Ridge National Laboratory Male and female wasps were irradiated preflight, inflight, or not at all with *Sr at

Whiting, A.R. Oak Ridge National Laboratory 4,000, 2,000, 1,000, 500, or O r. Thirty parameters of genetic, mutational, bio-

Grosch. D.S North Carolina State Universit chemical, behavioral, and physiological character were measured. Males were
o o Y analyzed postflight for dominant lethality, recessive lethality, and inherited partial

Amy, R.L. Southwestern University sterility; females were analyzed for total dominant and recessive lethality induced

Research Subject(s)

during oogenesis, and for oogonial killing and dominant lethality. Specimens
were visually examined for several days postflight for behavioral alterations.

Results

Habrobracon juglandis (Parasitic Wasp)
Flight Wasps of Various Levels of Irradiation Male/Female

Ground-Based Controls

Flight Backup Wasps of Various Levels of Irradiation; Constant
Temperature Control; Postflight Temperature Control

Key Flight Hardware

Habrobracon (Wasp) Experiment Package; Radiation Source and Holder

More Information

Mission p. 46-55; Publications p. 396-7; Hardware p. 494-5, 536-7

Every animal survived the flight. Flight males were somewhat disoriented in
their mating behavior for two days after the flight, while flight females did not
appear disoriented in their complex egg-laying and feeding reactions. Space flight
effects were enhancement of fecundity and hatchability of primitive and trans-
lational oogonia, disorientation of male mating behavior, increased life span of
females, and decreased xanthine dehydrogenase activity in males. Radiation
effects included decreased hatchability and enhanced fecundity of eggs. The only
mutagenic effect was a threefold enhancement of the recessive lethal mutation
frequency in the non-irradiated sperm of orbited males. The excess of deaths
found among offspring from flown females may have resulted from a mixture of
chromosome imbalance phenomena and space-flight-induced recessive lethal
mutations. Increased fertilizing capacity appeared to be an enhancing effect of
the radiation.
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I Siosatellite 11 / Experiment Capsule

Title of Study

BIO2-4

Objectives/Hypothesis

Mutagenic Effectiveness of Known Doses of Gamma Irradiation

Science Discipline

Radiation/Environmental Health

Investigator Institute

F.J. de Serres Oak Ridge National Laboratory

Co-Investigator(s) Institute

An experiment exploring the mutagenic effects of known doses of radiation in
combination with microgravity on Neurospora crassa was first flown on the
Gemini XI mission, in 1966. In Gemini XI, conidia were tested on both the
surface of Millipore filters and in a colloidal suspension of sugar, and a *°P beta-
ray radiation source was used. This experiment was to conduct a similar study on
the genetic effects of space flight alone and in combination with known doses of
radiation, on the surface of Millipore filters, using a **Sr gamma-ray radiation
source.

Approach or Method

Webber, B.B. Oak Ridge National Laboratory

Research Subject(s)

A genetically marked two-compartment heterokaryon, heterozygous for two
different genes that control sequential steps in purine biosynthesis, was used. The
frequency of radiation-induced recessive lethal mutations, chromosome deletions,
and overall survival were studied. A range of radiation exposures was given to
determine the dose-response curves.

Results

Neurospora crassa (Microorganism)
1 Flight Culture, 3 Irradiated Cultures (different levels)

Ground-Based Controls

1 Flight Backup Culture; 3 Irradiated Flight Backup (different levels)

Key Flight Hardware

Neurospora (Microorganism) Experiment Package; Radiation Source and
Holder

More Information

Mission p. 46-55; Publications p. 397-8; Hardware p. 498-9, 536-7

There was no difference between flight and ground control samples for survival,
the overall induction of ad-3 mutations, or for point mutations or chromosome
deletions. Gemini XI data show that space flight affected samples on Millipore
filters in the same way as on Biosatellite II, with no effect on survival or mutation
induction. Gemini Neurospora flown in suspension, however, had higher levels of
survival and lower frequencies of mutation induction, due to a specific effect on
point mutations and not on chromosome-deletion mutations. Through addition
postflight experimentation, it was shown that anoxia, which may have occurred
inflight, can produce a reduction in the frequencies of both point-mutations and
chromosome-deletions. The effects of weightlessness on radiation-induced
genetic damage are complex. Both antagonistic and synergistic effects have been
found. The results depend on the assay system; in most cases however, the effects
are small, twofold to fivefold differences being the usual order of magnitude.
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I B/osatellite 11 / Experiment Capsule BIO2-5.1

Title of Study

Objectives/Hypothesis

Effects of Weightlessness on the Nutrition and Growth of Pelomyxa
carolinensis

Science Discipline

Cell/Developmental Biology

The study’s objectives were to survey the fine structure and distribution of mito-
chondria, nuclei, nucleoli, Golgi apparatus, and endoplasmic reticulum for
changes that may have been induced by weightlessness, and to determine if there
were normal growth patterns or normal progression of food vacuole digestion in
amoebae subjected to a weightless environment.

Investigator Institute

R.W. Price Colorado State University

Co-Investigator(s) Institute Approach or Method

Abel, J.H. Colorado State University Amoebae were cultured and subcultured, placed in a buffer and fed paramecium.
Haack. D.W. Colorado State University Five units of 24 chambers, each divided into three 5 ml compartments containing

Research Subject(s)

either amoebae, paramecium, or fixative were prepared two days before launch.
Amoebae were screened and counted as they were selected for chambers. After
loading, chambers were filled with a glycine buffer, with a small airspace left.
An attempt was made to determine if there was a normal growth pattern or pro-
gression of food vacuole digestion, accomplished by both fixing and feeding sin
space after variable periods of starvation by means of an activated piston. At
recovery, all live organisms were counted and examined for the presence of
mitotic forms. Food vacuoles were counted and graded, and the general external
morphology of the cell was described.

Results

Pelomyxa carolinensis (Amoeba)
24 Flight Chambers (3 ml each)

Ground-Based Controls

24 Flight Backup Chambers (3 ml each); Vibration Control; Variable
Temperature Control; Constant Temperature (70 °F) Control

Key Flight Hardware

Pelomyxa (Amoeba) Experiment Package

More Information

Mission p. 46-55; Publications p. 398; Hardware p. 502-3

Amoebae fed normally while in orbit, and specimens fixed in orbit retained the
ordinary heteropodial shape. Growth rates of orbited amoebae, both fed and
starved, were slower than controls following re-entry and recovery procedures. In
continuously fed organisms there was little or no effect of flight detectable in
growth rate or actual number of divisions. Electron micrographs showed no
abnormalities and few differences between flight and control organisms. Cyto-
chemical data indicate that little or no difference on various digestive processes
was produced by weightlessness, acceleration or vibration. Food vacuole data,
though, were collected improperly, and little significance can be drawn from
them. Growth rates in flight amoebae, although somewhat reduced during flight,
appeared to accelerate around the time of re-entry. Results suggest that the
weightless environment did not produce any gross irreversible alterations in the
normal physiologic processes of the amoebae.
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I B/osatellite 1l / Experiment Capsule BIO2-5.2

Title of Study

Objectives/Hypothesis

Effects of Weightlessness on the Nuclear and Cellular Division of
Pelomyxa carolinensis:

Science Discipline

Cell/Developmental Biology

To study the effects of weightlessness on nuclear and cellular division in a single
cell, this study used the giant multi-nucleate amoeba Pelomyxa carolinensis.
Although this organism appears to be independent of gravity on Earth, it does
require a gravitational force to attach to a substrate for locomotion and feeding.
When feeding, there is considerable protoplasmic movement which may be
independent of a gravitational fields. During mitosis and cell division, however,
there is relatively little motion. Since the cell is large with a relatively large
nuclei, weightlessness was expected to alter the manner and rate of reproduction.

Investigator Institute

D.R. Eckberg General Electric Company

Co-Investigator(s) Institute Approach or Method

Silver, E.C. General Electric Company Amoebae were cultured and subcultured, placed in a buffer and fed paramecium.
Bushnay, J.L. General Electric Company Eive units of 24 chamber.s, each divided into three 5 ml compartments containing
Daniels, E.W. Argonme National Laboratory either amoebae, paramecium, or fixative were prepared two days before launch.

Research Subject(s)

Amoeba were screened and counted as they were selected for chambers. Since it
was necessary to obtain at least one amoeba fixed during mitosis, about 300
amoebae were required for the flight package. By means of an activated piston,
portions of the amoebae were fed and/or fixed inflight. At recovery, organisms
were counted and examined for mitotic forms; cell division and plasmotomy rates
were determined

Results

Pelomyxa carolinensis (Amoeba)
24 Flight Chambers (3 ml each)

Ground-Based Controls

24 Flight Backup Chambers (3 ml each); Vibration Control; Variable
Temperature Control; Constant Temperature (70 °F) Control

Key Flight Hardware

Pelomyxa (Amoeba) Experiment Package

More Information

Mission p. 46-55; Publications p. 398; Hardware p. 502-3

There were no significant differences in division rates between flight, clinostat
and other control groups. However, there was a trend towards a higher division
rate in well fed amoebae during weightlessness. In some cases, growth of the

fed amoebae fixed at various times in weightlessness exceeded growth in corre-
sponding chambers on Earth. Nuclear division during weightlessness was
synchronous, as in ground controls. No difference was apparent in the postflight
cell division rates of the flight group when compared to controls. Flight vibration
and acceleration had no observable effect upon nuclear or cellular division.
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I Siosatellite 11 / Experiment Capsule

Title of Study

BIO2-6

Objectives/Hypothesis

Effects of Sub-Gravity on Cellular Phenomena of Developing Frog Eggs

Science Discipline

Cell/Developmental Biology

Investigator Institute

R.S. Young NASA-Ames Research Center

Developing frog eggs exhibit a marked sensitivity to disorientation with respect to
the normal gravity vector. This study investigated the effect of weightlessness on
the ability of the fertilized frog eggs to divide, differentiate, and develop normally.
Although the original experiment plan called for fertilization of the eggs in space,
the experiment was redesigned with fertilization occurring just before launch, due
to difficulties in obtaining an acceptable degree of reliability in sustaining egg
fertilizability over the expected launch pad hold-time by “freezing.” Instead,
maintenance at 43 °F would adequately inhibit the first division for fourteen to
fifteen hours.

Co-Investigator(s) Institute Approach or Method

Tremor, J.W. NASA-Ames Research Center Three days before launch, sixty female frogs were injected with gonadotrophin to

Willoughby, R. NASA-Ames Research Center induce ovulation, and two donor frogs were ch‘osen to provide flight specimens.

Corbett. R.L NASA-Ames Research Center 12.5 hours before launch, stripped eggs were fertilized and divided into clusters of
b five. Ten eggs each were loaded into the first eight chambers to be fixed, and five

Souza, K.A. NASA-Ames Research Center eggs each were loaded into the remaining eight chambers. A coolant line around

Sebesta, P.D. NASA-Ames Research Center the modules was to maintain a temperature of 42.5 °F to prevent division on the

Research Subject(s)

launch pad, until a thermistor was switched to change the temperature to 70 °F at
launch. The experiment design called for chamber actuations at Launch (L), L+1
hour, L+2 hours, L+3 (early cleavage), L+32 hours, L+40 hours (late gastrula), and
L+68 hours, with the last two chambers remaining unfixed. Multiple temperature
and centrifuged ground controls were microscopically compared to flight samples

to detect any abnormalities.

Results

Rana pipiens (Leopard Frog Eggs)
120 Flight Eggs (Various Fixation Times)

Ground-Based Controls

120 Flight Backup (Various Fixation Times); 120 Delayed Temperature
Control; 120 Constant (70 °F) Temperature Control; 120 Centrifuge

Key Flight Hardware

Rana (Frog) Experiment Package

More Information

Mission p. 46-55; Publications p. 398; Hardware p. 538-9

The first cleavage, the one most sensitive to gravity, occurred before lift-off, due
to a three-hour delay in the Biosatellite launch. Eggs fixed by the second actua-
tion revealed that complete first cleavage was delayed beyond one hour post-
launch. All actuations occurred as programmed, except for the last, which was
commanded earlier due to the early call-down of the Biosatellite. No differences
were observed in abnormalities between flight and ground control eggs; all fell
well within the range of expected abnormal development; and the rate of
development appeared unaffected. Data suggest that the fertilized eggs divided,
differentiated, and developed normally in two days of weightlessness despite
initiation of exposure at the middle of the two-celled stage. As with Gemini frog
egg experiments, the effect of weightlessness on the initial dividing egg (before
two-celled stage) remains yet to be studied.
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I S /o satellite 11 / Experiment Capsule

Title of Study

BIO2-7

Objectives/Hypothesis

Induction of Lysogenic Bacteria in the Space Environment

Science Discipline

Cell/Developmental Biology

Investigator Institute

R.H.T. Mattoni N.U.S. Corporation

Co-Investigator(s) Institute

This study was to test the hypothesis that weightlessness both with or without
gamma irradiation would not affect bacterial cell growth or induction of bacterial
prophage P-22. The experiment was designed to test the effects of: 1) space flight;
2) three chronic gamma-irradiation dose levels; and 3) temperature.

Approach or Method

Keller, E.C. N.U.S. Corporation

Romig, W.R. University of California, Berkeley
Ebersold, W.T.
Eiserling, F.A.

University of California, Berkeley
University of California, Berkeley

Research Subject(s)

The bacteria were used to study the induction of lysogeny, a biological process
extremely sensitive to a variety of environmental factors such as vibration and
radiation. Free phage and bacterial density were also studied. Nine sets of
cultures, each consisting of replicate chambers of 1.4 + 0.3 ml capacity, were
prepared. Each chamber was inoculated with aliquots of a suspension of bacteria
adjusted to give mean viable density of about 100 cell/ml. Parameters estimated
postflight included: 1) total bacterial density by Coulter principle counting; 2)
viable bacterial density by colony count on nutrient agar plates; 3) free P-22
bacteriophage titer by plaque count (PFU) using aliquots of substrate as received;
and 4) induced P-22 titer by quantifying PFU following dilution and incubation of
recovered viable cells.

Results

Salmonella typhimurium (Microorganisms)
Escherichia coli (Microorganisms)
1 Flight Culture; 3 Irradiated Cultures (different levels)

Ground-Based Controls

1 Flight Backup Culture; 3 Irradiated Flight Backup Cultures (different
levels); 1 Postflight Vibration Control (nonirradiated)

Key Flight Hardware

Radiation Source and Holder; Lysogenic Bacteria Experiment Package

More Information

Mission p. 46-55; Publications p. 398-9; Hardware p. 496-7, 536-7

Space flight resulted in greater bacterial densities. The factor most likely to be
responsible for the higher densities is reduced gravity. S. typhimuriumalso yielded
relatively greater densities under gamma irradiation than without radiation. The
greater densities after space flight are probably a function of random cell distri-
bution in the liquid medium in reduced gravity. Such distributions would increase
the efficiency of the nutrient transfer into and waste transport from the cell.
Phage yield decreased with increasing radiation in the space flight cultures. The
ratio of phage to bacteria density is consistently lower in flight populations. If the
relative number of phage produced per bacterium is constant, then this data
indicates that induction is less frequent during space flight.
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I Siosatellite 11 / Experiment Capsule

Title of Study

BIO2-8

Objectives/Hypothesis

Synergistic Factors Influencing Embryonic Differentiation and
Development of the Flour Beetle

Science Discipline

Cell/Developmental Biology

Investigator Institute

]J.V. Slater University of California, Berkeley

Co-Investigator(s) Institute

This experiment studied the direct effect of weightlessness and combined effects
of gamma radiation and weightlessness on somatic wing development, germ cells,
and the pupal period of flour beetles. From preflight testing, it was found that the
predominant abnormality produced was a morphologic, easily recognizable defor-
mation in the size and structure of the membranous wings. Low numbers of these
abnormalities were found to occur spontaneously, while at high doses to pupae,
almost 100% of the adult animals will develop the abnormality.

Approach or Method

Buckhold, B. University of California, Berkeley
Silver, I.L. Columbia University

Yang, T.C.H. University of California, Berkeley
Thomas, C.A. University of Frankfurt

Research Subject(s)

Seven hundred twenty beetle pupae between 19 and 27 hours of age were orbited,
half in the presence of **Sr and half shielded from it. Two-thirds of each pupae
group had received a preflight radiation dose (1,350 r) of 180 keV x-rays. Identical
ground controls were maintained. It was found that, by choosing an appropriate
temperature, the rate of development of the organism could be slowed down or
speeded up in such a manner that the organisms could be maintained in pupal
stage, so most of the wing development would take place after reaching weight-
lessness. Upon return, the pupal period, wing abnormalities, and genetic damage
were determined by mating experimental beetles with controls. In addition to the
Biosatellite controls, a study was conducted to determine if variations could be
found from in a different control capsule, as well as a postflight vibration control.

Results

Tribolium confusum(Flour Beetle)
360 Flight; 360 Flight Irradiated

Ground-Based Controls

360 Controls; 360 Irradiated Controls; 360 Capsule Control; 360 Postflight
Vibration Control (Synchronous)

Key Flight Hardware

Tribolium (Flour Beetle) Experiment Package; Radiation Source and
Holder

More Information

Mission p. 46-55; Publications p. 399; Hardware p. 536-7, 558-9

Pupal period, wing abnormalities, and dominant lethality were significantly
increased. “Split” mutation increased from ground values of 30% to 45% for
flight. Numerically, the vibrated irradiated groups had fewer wing abnormalities
than did the appropriate controls, whereas the flight-irradiated sample had more
abnormalities than the ground-controls, suggesting that vibration was not the cause
of the increased wing abnormalities in flight samples. No differences were
detected as a result of the capsule comparison control. Some factor in space
flight, probably weightlessness, either facilitated the development of radiation-
induced chromosome breaks and/or DNA damage in the meiotic cells (oocytes),
or hindered the normal correction of such errors. Another possible explanation is
a temperature drop of the flight samples that occurred between separation and
retrieval of the flight capsule.
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I B/osatellite |1 / Experiment Capsule BIO2-9

Title of Study

Objectives/Hypothesis

The Liminal Angle of Plagiogeotropic Organ Under Weightlessness

Science Discipline

Plant Biology

This experiment was designed to determine if a weightless environment would
cause downward curvature of developing leaves and produce results in plants
similar to those noted in response to rotation in a horizontal clinostat, i.e., if the
liminal angle will be decreased, accompanied by a differential mobilization of
carbohydrates and amino acids.

Investigator Institute

S.P. Johnson North American Aviation

Co-Investigator(s) Institute Approach or Method

Tibbitts, T. University of Wisconsin Four 25-day-old plants were flown and photographed at ten-minute intervals during

Research Subject(s)

orbit. Five auxiliary 25-day-old plants were placed inside the flight unit for carbo-
hydrate, amino acid, and nitrogen analyses. The samples prepared for chemical
analyses were composed of: 1) leaves from large or prime plants; 2) leaves from
small or auxiliary plants; 3) stems from small plants; and 4) growing tips from
small plants. Several vibration tests were conducted to determine the effect of the
flight launch vibration profile; control plants were also subjected to acoustic levels
that simulated the launch and recovery from flight.

Results

Capsicum annum (Pepper Plant)
4 Flight Plants

Ground-Based Controls

5 Auxiliary Plants, 8 Clinostat Plants, 4 Irradiated Plants

Key Flight Hardware

Capsicum (Pepper Plant) Experiment Package

More Information

Mission p. 46-55; Publications p. 399-400; Hardware p. 468-9

A reduction in the liminal angle of the petiole with the stem was found and was
similar to that produced using a horizontal clinostat, while the rate of liminal-
angle change was slower in the flight plants than those maintained on Earth in
the clinostat. Additionally, the duration of the liminal-angle change in the flight
plants was more prolonged than in the clinostat controls, thereby resulting in a
greater reduction in angles. The carbohydrates were similar in concentration in
the control and flight plants, but the amino acid change was greater in the orbited
specimens. Carbohydrates, and to some extent, amino acids, play a direct role in
the response of plants to geo-induction. The carbohydrates presumably provided
the energy for the accelerated growth and/or elongation of the cell along the
convex curvature of the plagiogeotropic organ, thereby resulting in a decrease in
the liminal angle. It was concluded that the effects of weightlessness can be
simulated to a significant degree in the horizontal clinostat.
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I B/osatellite 11 / Experiment Capsule BIO2-10

Title of Study

Objectives/Hypothesis

Emergence of Wheat Seedlings in Zero Gravity

Science Discipline

Plant Biology

This experiment was to determine whether seeds would produce normal seedlings
when germinated in the absence of a significant gravitational force. As the
negative geotropism of the coleoptile and the positive geotropism of the roots
would be eliminated during flight, seedling organs could be expected to show
alterations similar to those produced through a clinostat. Even after only three
days growth, measurable differences in coleoptile and primary root orientation
should appear in the absence of the even distribution of auxin in these organs by
reason of the downward transport of, and equalizing action on, auxin by the force

Investigator Institute of gravity.

C.J. Lyon Dartmouth College

Co-Investigator(s) Institute Approach or Method

none Seventy-eight wheat seedlings (38-39 mg) were surface sterilized in a 0.05% Hg

Research Subject(s)

Cl, and soaked for three hours at 95 °F. The seedlings were then placed in poly-

carbonate stalks containing wet vermiculite. Gas samples were taken and lids
were sealed. All growth took place in the dark. Photography was done rapidly at
recovery by means of special camera rack systems which included a 45° mirror
that reflects the side view of each seedling in the row that is set to face the
camera. The orientation of the seedlings was described in quantitative terms by
the combination of face-view and side-view angles that are made by the inter-
section of a line from the tip to the base of a root or coleoptile with a vertical line
through the axis of the seedling.

Results

Triticum vulgare (Wheat Seedling)
78 Flight Seeds (less 3 which failed to grow)

Ground-Based Controls

351 Flight Backup Seeds (less 14); 434 Clinostat (less 10); 195 Postflight
Vibration Control (less 5); 195 Clinostat-Vibration Control (less 5)

Key Flight Hardware

Triticum (Wheat) Experiment Package

More Information

Mission p. 46-55; Publications p. 400; Hardware p. 560-61

Growth physiology of wheat seed germination and the development of wheat
seedlings in their early stages were not disturbed sufficiently by the absence of
gravity as reflected in growth rates or external morphology. The stresses of
launch acceleration and vibration had no measurable effects on ungerminated
wheat seeds. The basic metabolic processes, which supply the energy for normal
growth, were apparently undisturbed. This indicates the independence from
gravitational force of certain organelles which carry key enzymes to the sites of
energy release and use. Weightlessness had no measurable effects on the endog-
enous mechanisms for production and distribution of the growth hormone, auxin.
The wheat seedling proved to be an excellent choice of a small test plant for a
space flight experiment in the growth and orientation of plant organs known to be
geosensitive. The development and performance of this study led to the discovery
of root epinasty, previously unknown to plant physiologists, as a factor in the
orientation of plagiotropic roots.
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I B/osatellite |l / Experiment Capsule BIO2-11

Title of Study

Objectives/Hypothesis

Effects of Weightlessness on the Root and Shoot of Wheat Seedlings

Science Discipline

Plant Biology

Wheat seedlings were used in this experiment because of the convenient size,
their rapid and consistent germination, and their measurable geotropic response.
The intention was to determine alterations in the growth and shape of wheat
seedling organs, and the reflection of such changes at the cellular level, and to
determine if weightlessness is adequately simulated by a clinostat. As the lauch
of Biosatellite II entailed considerable vibration, another important aspect of this
experiment involved the effect of vibration in the growth and development of the
seedlings.

Investigator Institute

S.W. Gray Emory University

Co-Investigator(s) Institute Approach or Method

Edwards, B.F. Emory University Seventy-eight wheat seedlings (38-39 mg) were surface sterilized in a 0.05% Hg

Research Subject(s)

Cl, and soaked for 3 hours at 95 °F. The seedlings were then placed in poly-

carbonate stalks containing wet vermiculite. Gas samples were taken and lids
were sealed. All growth took place in darkness. Measurements of coleoptile
height and root length were taken before seedlings were removed from the stalks.
Coleoptile diameters were measured by an ocular micrometer on front and side
views from photographs taken at recovery. Other parameters of concern to this
experiment included germination and survival, pattern of seedling malformations,
and consistency of growth, as well as histology of cellular structures.

Results

Triticum vulgare (Wheat Seedlings)
78 Flight Seeds (less 3 which failed to grow)

Ground-Based Controls

351 Flight Backup Seeds (less 14); 434 Clinostat (less 10); 195 Postflight
Vibration Control (less 5); 195 Clinostat-Vibration Control (less 5)

Key Flight Hardware

Triticum (Wheat) Experiment Package

More Information

Mission p. 46-55; Publications p. 400-01; Hardware p. 560-61

Inflight germination was unaffected. Wheat seedlings recovered from flight and
grown to maturity produced seeds normally. Flight coleoptile height was greater
at 58 and 65 hours postflight than controls; possibly the return to normal gravity
after orbital flight was the stimulus for this increased growth. Diameters of flight
coleoptiles and controls subjected to both vibration and a clinostat were smaller
than those subjected to only vibration or the clinostat. Statolith starch granules
were randomly distributed. Interphase nuclear volume was greater with fewer
early prophase cells. Root cells were longer and random orientation of roots and
shoots was noted. Only small deviations from normal physiology or behavior were
observed, most of them returning to normal after several hours. The ground
control clinostat may be a tool for predicting some of the responses to weight-
lessness in suitable organisms.
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I Siosatellite 11 / Experiment Capsule

Title of Study

BIO2-12

Objectives/Hypothesis

Effects of Weightlessness on the Orientation of Root and Shoot of Wheat

Science Discipline

Plant Biology

Investigator Institute

H.M. Conrad Ecological Systems Corporation

Co-Investigator(s) Institute

This experiment was designed to: 1) correlate changes in metabolism and ener-
getics with the reorientation of plant organs during weightlessness; 2) to study the
key enzymes associated with these processes; and 3) to determine if weightless-
ness retards any growth of the root and shoot because of a modification of protein
synthesis and the incorporation of carbohydrates into cell wall constituents of
endosperm of the wheat seedling.

Approach or Method

Johnson, S.P. North American Aviation Inc.

Research Subject(s)

Seventy-eight wheat seedlings (38-39 mg) were surface sterilized in a 0.05% Hg
Cl, and soaked for three hours at 95 °F. The seedlings were then placed in poly-

carbonate stalks containing wet vermiculite. Gas samples were taken and lids
were sealed. To determine the extent of root displacement and coleoptile
curvature, pictures were taken postflight before the seedlings were divided for
analysis. Tissue slices were analyzed for six enzymes, protein content, oxygen
consumption, amino acids, and ethylene production. Growth on the clinostat
simulated growth in the weightless environment; however only auxin-mediated
reactions were simulated on the horizontal clinostat.

Results

Triticum vulgare (Wheat Seedlings)
78 Flight Seeds (less 3 which failed to grow)

Ground-Based Controls

351 Flight Backup Seeds (less 14); 434 Clinostat (less 10); 195 Postflight
Vibration Control (less 5); 195 Clinostat-Vibration Control (less 5)

Key Flight Hardware

Triticum (Wheat) Experiment Package

More Information

Mission p. 46-55; Publications p. 401; Hardware p. 560-61

The growth of wheat seedlings appeared normal. Increased glucose-6-phosphate
dehydrogenase, glyceralderhyde-3-phosphate dehydrogenase, and peroxidase was
noted. The increased enzyme activity was found to be physiologic and not due to
structural changes in enzymes while in the weightless state. No significant
differences were found in the carbohydrate distribution, starch, sucrose, glucose,
total or protein nitrogen in endosperms. It was postulated that the orbital flight
was not of sufficient duration to elicit a response. If weightlessness did show an
effect on metabolism of the endosperm, it would theoretically be one of decreased
starch and increased glucose and sucrose; a change in pattern of amino acids
would occur, as demonstrated by either an increase or decrease in concentration.
The data of these studies indicate that there is a change in the metabolic products
of the wheat seedlings, but the altered distribution of these materials over time
could not be detected in response to changes in gravitational alterations.
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I S/osatellite 11 / Experiment Capsule BIO2-13

Title of Study

Objectives/Hypothesis

Determination of Influence of Zero Gravity on Mutation Process Using
Controlled Gamma Ray Exposure

Science Discipline

Radiation/Environmental Health

The plant used in the experiment was a special clone of Tradescantia that was
heterozygous for flower color and hence useful for easy detection of somatic
mutations. These plants are characterized by twelve large somatic chromosomes
that are well suited for detailed cytologic analysis. This experiment was to deter-
mine the effect of weightlessness and other spacecraft environmental conditions
on spontaneous and radiation-induced somatic mutation rates and on selected

cytologic changes.

Investigator Institute

A H. Sparrow Brookhaven National Laboratory

Co-Investigator(s) Institute Approach or Method

Schairer, L.A. Brookhaven National Laboratory Thirty-two plants were flown in a package in the spacecraft behind and outside of
Marimuthu. K.M. Brookhaven National Laboratory the radiation shield, and identical nonflight control packages, with and without

Research Subject(s)

irradiation, were maintained at the launch site. All plants were observed post-
flight for: 1) somatic mutation—blue or pink or colorless cells; 2) cell size—giant or
dwarf conditions; 3) loss of reproductive integrity—cell death and stunting in
stamen hair growth; 4) pollen grain mortality—early and late stages; 5) megaspore
development; 6) normal cell divisions; and 7) chromosome aberrations. In order
to facilitate computer analysis of the stamen hair, a special scoring technique was
developed to “map” or record the frequency and location of mutations, morpho-
logical abnormalities, and/or losses of reproductive integrity. Microspores at
various developmental stages were fixed and microscopically examined to study
micronuclei frequency and the spindle mechanism in the irradiated and nonirra-
diated cells.

Results

Tradescantia (Flowering Plant)

32 Flight Plants

Ground-Based Controls

32 Flight Backup Plants, 32 Irradiated Control, 32 Postflight Vibration
Control, 30 Clinostat (Irradiated and Nonirradiated)

Key Flight Hardware

Tradescantia (Flowering Plant) Experiment Package; Radiation Source and
Holder

More Information

Mission p. 46-55; Publications p. 401; Hardware p. 536-7, 556-7

Bud blasting with flower opening was noted eight days post-recovery. Results indi-
cate no effect of space flight factors on spontaneous levels of somatic mutation,
pollen abortion, stamen hair stunting, embryo sac abortion, and chromosome
aberration. An enhanced deleterious effect in flight samples attributable to
weightlessness was noted, however, in the mitotic spindle mechanism in micro-
spores, megaspores, and root tip cells. Irradiated space-flown plants showed an
increased pollen abortion, pollen micronuclei, and stamen hair stunting, suggest-
ing increased injury during the more sensitive stages of meiosis and mitosis. The
Earth-irradiated group had a higher mutation rate than the flight-irradiated group.
Mutation rates were equal for nonirradiated material, with the exception of the
pink stamen hair cell mutation, which exhibited an antagonistic response to space
flight factors. There was also an increase in flower production by the flight
samples through the 26-day postflight scoring period, while no such increase was
noted in the clinostat controls.
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I S/osatellite 111 / Primate Experiment Capsule BIO3-1

Title of Study

Objectives/Hypothesis

Monitoring Cardiovascular Function and Performance in the Primate

Under Prolonged Weightlessness

Science Discipline

Cardiovascular/Cardiopulmonary

Investigator Institute

J.P. Meehan University of Southern California

Co-Investigator(s) Institute

This portion of the primate mission was to determine the physiological effects of
Earth orbit on a nonhuman primate, so as to provide insights into the possible
hazards associated with long-term space flight, and to acquire information on
basic physiological adjustments to extended weightlessness, particularly concern-
ing the cardiovascular system. The basic premise was that in weightlessness, as a
consequence of reduction of the gravitational effect on the long columns of blood
in the body, pooling of blood in the large vessels would occur, and that a compen-
satory mechanism would act to decrease this high blood volume. One indicator of
this reflex is the pressure in the large vessels near the heart.

Approach or Method

Rader, R.D. University of Southern California

Research Subject(s)

Inflight vascular pressures were obtained by catheterization techniques. A low
power pulsate infusion system maintained catheter patency, and amplification was
incorporated to obtain signals compatible with Biosatellite III telemetry. Four
indwelling catheters, two venous and two arterial, yielded redundant pressure
measurements; additional redundance was obtained by connected tow transducers
to each arterial catheter. One pair of electrodes provided electrocardiographic
and respiratory information. Heparin pumps were used to keep the catheters
clear. Inflight results were compared to the four ground control monkeys, plus

the preflight baseline data from the flight monkey.

Results

Macaca nemestrina (Pig-Tailed Monkey)

1 Flight Male

Ground-Based Controls

4 Laboratory (Flight Backup Subjects)

Key Flight Hardware

Primate Life Support System; Primate Physiological Sensors

More Information

Mission p. 56-62; Publications p. 401-2; Hardware p. 508-17, 518-9

There was a shift of blood volume to the heart; the flight subject experienced an
immediate sustained increase in central venous pressure resulting from a central
pooling of blood volume. The observed increase in atrial pressure of 2-3 cm water
was large enough to provide a stimulus whereby urine level was initially main-
tained at a high level, which coupled with a high evaporative fluid loss, produced
an early dehydration, probably associated with electrolyte imbalance. Weightless-
ness and hypothermia acted to shift blood volume centrally, which provided a
strong drive for the reduction of blood volume. Restraint, unusual vestibular
sensations, and the continuing polydipsia all acted to disturb the central mecha-
nisms which might have acted to restore normal control and regulation of salt and
water metabolism. Venous pressure started to fall on flight day five, while arterial
pressure and heart rate were within physiologic limits until day eight, i.e. near the
termination of the flight.
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I B/osatellite 111 / Primate Experiment Capsule BIO3-2

Title of Study

Objectives/Hypothesis

Investigation of Bone Density Changes in Various Sites of the Skeletal
Anatomy of a Primate

Science Discipline

Immobilization associated with flight has been found to definitely be associated
with decreases in skeletal density in human subjects in prior studies. Using the
x-ray radiographic method, this study was to find changes in bone density that
might occur during weightlessness in the non-human primate.

Approach or Method

Musculoskeletal

Investigator Institute

P.B. Mack Texas Women’s University
Co-Investigator(s) Institute

none

Research Subject(s)

Several series of bone radiographs were taken preflight to ascertain initial skeletal
density in seventeen anatomic sites. The values obtained from scanning sections
of bones were equated in terms of mass of calcium hydroxyapatite, the major
mineral component of bone. Additional radiographs were also taken postflight.

Results

Macaca nemestrina (Pig-Tailed Monkey)
1 Flight Male

Ground-Based Controls

4 Laboratory (Flight Backup Subjects)

Key Flight Hardware

Primate Life Support System

More Information

Mission p. 56-62; Publications p. 402-3; Hardware p. 508-17

Postflight density losses at the sites analyzed ranged from -1.71% to -17.52%,
compared to 0.12% to -10.72% for ground controls. The bone density losses in the
flight animal were considered to be due to immobilization coupled with the
aggregate stresses of the flight environment.
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197



I S/osatellite 111 / Primate Experiment Capsule

Title of Study

BIO3-3.1

Objectives/Hypothesis

Circadian Rhythms of the Pig-Tailed Monkey in Biosatellite III

Science Discipline

Regulatory Physiology

Investigator Institute

W.R. Adey University of California, Los Angeles

Co-Investigator(s) Institute

The rhythmicity of activity levels, metabolism, excretion rates, thermoregulation,
and cardiovascular measures persist in terrestrial laboratory conditions where
environmental factors such as light, temperature, and humidity are kept in con-
stant and unvarying conditions. It is believed that if these circadian processes
become arrhythmic or desynchronized a deterioration of the organism can result.
As the possibility of desynchronosis of the circadian rhythm and its consequences
in the space environment is of great concern, this experiment was designed to
study the effect of weightlessness on circadian rhythms.

Approach or Method

Hahn, P.M. University of California, Los Angeles

Hoshizaki, T. University of California, Los Angeles

Research Subject(s)

A variety of parameters measured inflight were analyzed and compared to simi-
larly maintained ground-control subjects in order to determine if desynchronosis
occurred. Telemetry included implanted sensors for EEG, EMG, ECG, and
respiration, vascular catheters to monitor venous and arterial pressures, temper-
ature sensors in the brain, and general environmental parameters. Computer
programs and plotting techniques were used to estimate periodicity. Due to the
rapid changes in parameters recorded during the last thirty hours, only 7.5 cycles
of 24-hour rhythms were used in analysis from the 8.8-day flight. Day averaging
was the most common method: data obtained during the flight were interpolated
to fixed 1.5-hour intervals; an average for a four-day period was obtained; and
deviations were plotted to give the parameter a cyclic representation. Time
displacement of two such tracings was an indication of an altered circadian
rhythm.

Results

Macaca nemestrina (Pig-Tailed Monkey)

1 Flight Male

Ground-Based Controls

4 Laboratory (Flight Backup Subjects); Flight Simulated (to 30 days)

Key Flight Hardware

Primate Life Support System; Primate Physiological Sensors

More Information

Mission p. 56-62; Publications p. 402-3; Hardware p. 508-17, 518-9

All physiological sensors functioned well throughout the flight, and the subject
displayed a define desynchronosis in some physiological processes. The pCO,,
brain and body temperatures and heart rate were well correlated and indicated a
rhythm of greater than 25 hours; however arterial blood pressure remained at 24
hours. Such internal desynchronization of temperature, cardiac, and respiratory
cycles from the blood pressure and the external desynchronization from the
imposed 24-hour daily routine may have been detrimental to the well-being of the
flight subject. The derangement of the cardiovascular system suggested as a
concomitant of space flight, and the desynchronization found in the flight subject,
may well have acted together to bring about its rapid deterioration. There was no
evidence of this desynchronosis in any ground controls, including Biosatellite
simulations lasting up to thirty days. This suggests the existence of a gravity
dependent mechanism in the control of circadian rhythm.
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I B/osatellite 111 / Primate Experiment Capsule

Title of Study

BIO3-3.2

Objectives/Hypothesis

Sleep and Wake States in Biosatellite III Monkey: Visual and Computer
Analyses of Telemetered Electroencephalographic Data

Science Discipline

Neuroscience
Investigator Institute
W.R. Adey University of California, Los Angeles

Co-Investigator(s) Institute

It is well established that the different sleep states are necessary in sufficient
quantity for the continuance of physiological and psychological well-being. This
circadian rhythm, as well as others, can be perturbed by a variety of factors such
as unfamiliar surroundings, selective deprivation, rapid travel across time zones,
etc. This study was to investigate the effects of the weightless environment on the
sleep and wake states in system of the nonhuman primate.

Approach or Method

Hanley, TJ. University of California, Los Angeles

Research Subject(s)

Ten EEG, two EOG, and two EMG channels were among the 33 channels of
physiological data monitored on Biosatellite III. EEG electrodes were stereo-
taxically positioned bilaterally in the parietal and visual cortex, the hippocampus,
and the amygdala. EOG leads were placed at the right and left outer canthi, and
EMG sensors were implanted in posterior cervical and lower scapular sites. Data
were telemetered to Earth-based tracking stations at the rate of 22.4 kilobits per
second, collected every 97 minutes, and length of capture varied with elevation of
spacecraft above the horizon, typically five to seven minutes. The monkey was
acclimated to twelve-hour day/twelve-hour night cycle in the capsule.

Results

Macaca nemestrina (Pig-Tailed Monkey)
1 Flight Male

Ground-Based Controls

4 Laboratory (Flight Backup Subjects)

Key Flight Hardware

Primate Life Support System; Primate Physiological Sensors

More Information

Mission p. 56-62; Publications p. 403; Hardware p. 508-17, 518-9

The sleep of the Biosatellite III primate in orbital flight was abnormal in amount
and bizarre in its distribution. It was characterized by rapid transitions in sleep
state, brevity of state, and unusual transitions from one state to another. The
monkey never achieved its normal terrestrial cycle, and the remarkable frag-
mentation of consciousness required meticulous and virtually microscopic scoring
of EEG records. A dramatic reduction was noted in REM and stage four sleep.
Eye movements, normally only seen in REM, were observed during stage two and
stage four sleep. The changes began concurrently with the onset of the weight-
lessness and were not secondary to altered fluid balance or body temperature.
There was a complex response to the independent variable of weightlessness, with
a sudden decline on day eight attributable to fluid loss and redistribution of blood
in the thorax consequent to zero gravity state. The observed fragmentation of
consciousness appeared similar to the sleep of medical patients with high cervical
cord transections.
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I S/osatellite 111 / Primate Experiment Capsule BIO3-3.3

Title of Study

Objectives/Hypothesis

Sleep/Wake Activity Patterns of a Pig-Tailed Monkey During Nine Days
of Weightlessness

Science Discipline

Regulatory Physiology

This portion of the primate experiment was to study the possible effects of the
space environment on the sleep/wake cycle of a pig-tailed monkey. This study
was to analyze time-lapse photographic records of the animal taken by the on-
board camera inside the Biosatellite III capsule. Camera records were taken in
conjunction with other physiological measurements on the animal just before and

during the flight.

Investigator Institute

W.R. Adey University of California, Los Angeles

Co-Investigator(s) Institute Approach or Method

Durham, R. University of California, Los Angeles The 16 mm cameras in the flight and simulated spacecraft were mounted above
Hoshizaki. T. University of California, Los Angeles the left shoulder of the animal. A 24-hour clock and date indicator was placed in

Research Subject(s)

the photographic field by an auxiliary lens. Time-lapse pictures were taken at the
rate of on frame every twenty minutes at zero, twenty and forty minutes after the
hour. Data was obtained by analyzing each frame with an optical data analyzer,
in which each frame was taken to represent the animal’s state for a given twenty-
minute period. Sleep/wake states were defined by the status of the eyes: open,
closed, not discernible. Other activities, such as food and water consumption and
telemetry data, supplemented the time-lapse data to indicate and verify the
animal’s sleep or awake state. In addition to the four controls, baseline data from
five other monkeys subjected to simulated space flight up to thirty days were also
analyzed.

Results

Macaca nemestrina (Pig-Tailed Monkey)
1 Flight Male

Ground-Based Controls

4 Laboratory (Flight Backup Subjects); 5 Flight Simulated (to 30 days)

Key Flight Hardware

Primate Life Support System; Primate Physiological Sensors

More Information

Mission p. 56-62; Publications p. 403-4; Hardware p. 508-17, 518-9

The animal appeared to have began to adapt to space environment within thirty
seconds after reaching orbit, when a rapid disappearance of anxiety and struggling
could be observed. Lack of sleep in the preceding eighteen hours resulted in
immediate sleep. Periods when the subject awoke briefly and drank water were
noted, although absent from the time-lapse photographic record. The subject was
generally awake during the light cycle, and with the exception of the last two
days, the subject tended to remain on a consistent schedule regarding onset of
“night” sleep. The sleep/wake cycle was generally 24-hour but a phase angle
difference of two hours from the imposed day/night modes and rapid shifts in
sleep/ wake states occurred. The subject remained asleep for longer periods of
time as the flight progressed. Comparison with other circadian findings indicate
that an internal desynchronosis occurred.
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I B/osatellite 11l / Primate Experiment Capsule BIO3-3.4

Title of Study

Objectives/Hypothesis

Digital Computer Analysis of Neurophysiological Data from Biosatellite III

Science Discipline

Regulatory Physiology

Two goals were formulated for computer analysis of Biosatellite III data: 1) a short
term analysis to assist in animal monitoring and mission abort decisions and 2) a
long-term analysis to support the general physiological studies, including circadian
rhythm studies. Down-linked data for short-term analysis were available from
telemetry captures at prime receiving stations in Quito, Ecuador; Lima, Peru;
Santiago, Chile; and Fort Myers, Florida. Data for long-term analysis were
available from the prime stations and many others following flight.

Investigator Institute

W.R. Adey University of California, Los Angeles

Co-Investigator(s) Institute Approach or Method

Walter, D.O. University of California, Los Angeles Spectra and coherences were presented principally in the form of contour maps

Berkhout, J.I. University of California, Los Angeles which compress ml}Ch deta into brief compass. - Transient changes in the animal’s

Buchness. E. University of California, Los Angeles responsive states, circadian rhythms in neuro-electrlc parameters, and the general
’ ’ course of EEG are represented in one, highly compressed set of maps. Short term

Kram, E. University of California, Los Angeles analysis and transmission of output graphs to Mission Control was initiated within

Rovner, L. University of California, Los Angeles seven hours of the data’s generation in space. A composite map of EEG spectral

Research Subject(s)

intensity contours from insertion of the animal into the capsule to de-orbit was
obtained by plotting contours across 180 data-capture epochs occurring at irregular
intervals approximately 1.5 hours apart. In this mapping, the left parietal cortex
was representative of the four cortical channels, and the left amygdala was
representative of the six deep bipolar leads. A total of 46,270 seconds of “long-
term” data was processed in ten-second epochs, for these and other maps.

Results

Macaca nemestrina (Pig-Tailed Monkey)
1 Flight Male

Ground-Based Controls

4 Laboratory (Flight Backup Subjects)

Key Flight Hardware

Primate Life Support System; Primate Physiological Sensors

More Information

Mission p. 56-62; Publications p. 404; Hardware p. 508-17, 518-9

Launch was a mildly traumatic event for the animal, intensity contours show
alterations during the two hours immediately following launch, then return to
stable, prelaunch levels. Visible spectral peaks on the left parietal channel on
days two, three, four, and five suggest that the animal was aroused during per-
formance tasks, although the actual performance was quite low. The animal
appears to have had a functionally intact cortex until flight day six, and to have
had a functional cortical impairment on flight days seven and eight. This was
compatible with a minimal response to alterations of light versus dark and with
maintenance of normal subcortical electrical activity. The animal became
grossly pathological and unresponsive on flight day nine, when the mission was
terminated. Considerable fluctuations in spectral intensity persisted within certain
frequency bands. This pathological state resembled, but was not identical with, a
state of acute hypothermia under anesthesia. Death occurred eight hours after
recovery, the acute cause being ventricular fibrillation.
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I B/osatellite 111 / Primate Experiment Capsule BIO3-4

Title of Study

Objectives/Hypothesis

Urine Excretion Rates of Calcium, Creatine, and Creatinine in the Test
Monkeys and Flight Monkey Used for Biosatellite IIT

Science Discipline

Regulatory Physiology

Among other Biosatellite III objectives, the urine analyses, together with appro-
priate analysis of feces and a knowledge of quantity and composition of food,
were to permit computation of the calcium balance of the animal in weightless-
ness, thereby allowing assessment of the degree of possible skeletal demineral-
ization. Also, measurement of the excretion rate of creatinine and creatine was
expected to shed some light on the question of whether or not significant disuse
atrophy of the musculature occurs as a consequence of space flight.

Investigator Institute

N. Pace University of California, Berkeley

Co-Investigator(s) Institute Approach or Method

Grunbaum, B.W. University of California, Berkeley The {flight Urine Analyzer included a case which contained a urine sample

Kiepert, D.W. University of California, Berkeley accumulator, a calcium analyzer, a creatinine-creatine analyzer, reagent storage

Rahlm: DF Uni itv of California. Berkel bags, logic sequencers, a data handling system and a power converter. Once
allimann, L7.1. niversity ot L.alilorma, berkeley every six hours during flight urine sample aliquots were analyzed and telemetered

Smith, G.D. University of California, Berkeley to the ground and correlated with laboratory animals. Collections for flight and

Rho, J.H. Jet Propulsion Laboratory control animals began seventeen days preflight, and continued through flight

Spaeth, E.A. Jet Propulsion Laboratory termination. Bladder and vascular catheters were surgically implanted thirteen,

Research Subject(s)

twelve, and eight days preflight.

Results

Macaca nemestrina (Pig-Tailed Monkey)
1 Flight Male

Ground-Based Controls

4 Laboratory (Flight Backup Subjects)

Key Flight Hardware

Primate Life Support System; Urine Analyzer

More Information

Mission p. 56-62; Publications p. 404; Hardware p. 508-17, 514-5

Three of the flight candidate animals, including the flight animal, experienced a
profound hypocalciuria in association with the preflight surgery, which was tran-
siently reversed but then recurred ten to fourteen days after initial occurrence.
This obscured any possible effects of weightlessness on urine calcium excretion
rate in the flight animal. On a more positive side, the development of a fully
automated urine analyzer which permitted continuous measurement of these three
substrates (calcium, creatinine, and creatine) during the flight ranks as an out-
standing accomplishment. Other results suggest that while anorexia occurred in
the flight monkey, there was no evidence of diuresis, and that the urine excretion
rate of creatinine is depressed in monkey and man, in the weightless state.
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N A 00//0 17 / BIOCORE

Title of Study

Al7-1.1

Objectives/Hypothesis

Effects of Cosmic Particle Radiation on Pocket Mice Aboard Apollo 17

Science Discipline

Radiation/Environmental Health

Investigator Institute

W. Haymaker NASA-Ames Research Center

Co-Investigator(s) Institute

The objective of the BIOCORE experiments were to determine whether a specific
portion of the high Z energy (HZE) galactic cosmic ray particle spectrum, especi-
ally particles with Z no less than six, can produce microscopically visible injuries
in the brain, eye, and other tissues.

Approach or Method

Look, B.C. NASA-Ames Research Center
Winter, D.L. NASA-Ames Research Center
Benton, E.V. University of San Francisco
Cruty, M.R. University of San Francisco

Research Subject(s)

Two canisters were prepared with five pocket mice in each. One canister was
used in the flight experiment; the other was used as a ground control, undergoing
the same stress as the flight canister. Flight mice were implanted with plastic
dosimeters underneath the scalp. The mice were sacrificed postflight. The heads
were fixed and sliced into 1,600 sections each, and compared with the similarly
sectioned heads of the control mice (which had paper dosimeters placed on their
heads, and holes drilled to simulate the HZE particle paths that were encountered
by the flight mice). Flight cosmic ray particles were recorded in the five dosim-
eters, which probably recorded 50% of the hits through the brain.

Results

Perognathus longimembris (Pocket Mouse)

1 Flight Female; 4 Flight Males Male/Female

Ground-Based Controls

5 Flight Backup

Key Flight Hardware

BIOCORE: Life Support Hardware; Pocket Mouse Radiation Dosimeter

More Information

Mission p. 71-5; Publications p. 404; Hardware p. 462-5

Four of the five mice returned alive; two in good, active condition, two subdued
and hunched up. The body tissues of the four live mice showed no change due to
HZE. The olfactory epithelium was severely damaged in four of the mice, less
severely in the other. Both flight and control mice showed hemorrhaging in the
middle ear cavity bilaterally. Although there were thirteen tiny lesions in the
scalps of three flight mice, there were no pathological changes to the brain
meninges or calvarium. Five particles were recorded through the eyes, but no
retinal lesions were found. Although detailed studies were performed in an effort
to discover whether HZE particles are injurious to brain and other tissue, the
absence of lesions does not negate this possibility.
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I A 00/l0 17 / BIOCORE

Title of Study

Al7-1.2

Objectives/Hypothesis

Effects of Cosmic Particle Radiation on the Calvarium, Brain, and
Meninges

Science Discipline

Radiation/Environmental Health

Investigator Institute

W. Haymaker NASA-Ames Research Center

Co-Investigator(s) Institute

The stopping point region of a cosmic ray particle, Bragg peak, has the greatest
potential for injury of the brain or other tissue because it is here that the particle’s
LET reaches a maximum. Because an acute inflammatory reaction was observed
in two monkeys within a few days after balloon flights, the decision was made to
process the mice as soon as they were recovered. It was realized, however, that a
considerable proportion of the acute inflammatory cells would disappear, if evoked
earlier in the mission; the lifetime of these cells in tissue is no more than five

days.

Approach or Method

Zeman, W. Indiana University

Turnbill, C.E. NASA-Ames Research Center
Clayton, R.K. NASA-Ames Research Center

Bailey, O.T. Abraham Lincoln School of Medicine
Samorajski, T. Texas Medical Center at Houston
Vogel, F.S. Duke University

Lloyd, B. Duke University

Cruty, M.R. University of San Francisco

Benton, E.V. University of San Francisco

Kraft, L.M. NASA-Ames Research Center

Research Subject(s)

Two canisters were prepared with five pocket mice in each. Heads of flight mice
and seventeen control mice that had been “tracked” in the trajectories of cosmic
ray particles were serially sectioned, from anterior to posterior, in the coronal
plane at 10 pm, yielding 1,200 sections per animal. In the event that, during the
search, a lesion was found in the brain of a flight animal, the “tracked” section
from the same level of the brain of a control mouse was examined to see if the
lesion and “tracked” hole would correspond. To ascertain whether differences
existed regarding the numbers of mitotic figures in the ependyma and in the
dentate gyrus of the hippocampal formation, an enumeration of metaphase figures
in these regions was undertaken.

Results

Perognathus longimembris (Pocket Mouse)
1 Flight Female; 4 Flight Males (3 live)

Ground-Based Controls

17 Trajectory Controls (tracked mice)

Key Flight Hardware

BIOCORE: Life Support Hardware; Pocket Mouse Radiation Dosimeter

More Information

Mission p. 71-5; Publications p. 405; Hardware p. 462-5

A concentrated search was made of the flight brains and meninges for lesions of
cosmic ray origin, but no evidence of injury was found. In one flight mouse,
however, were sizable congregations of polymorphonuclear leukocytes in the
region of the inferior sagittal sinus. Judging from findings in the “tracked”
control mouse, a heavy or very heavy particle having a declination angle of 47.1°
through the cerebrum passed within 0.4 mm of this sinus. Mitosis in the dentate
gyrus of the hippocampal formation was considerably reduced in comparison with
that in control animals. Several variables may have caused negative findings in
the flight brains, including size of the brain, limitations imposed by dosimeters,
and the attenuation of particles of high LET by spacecraft or animal canister
shielding. Since the animals were exposed primarily to HZE cosmic ray particles
at the lower end of the light LET spectrum, the lack of observable changes cannot
be taken as evidence that the brain will suffer no damage from the heavier HZE
particles on prolonged manned missions.
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I~ 0/l0 17 / BIOCORE

Title of Study

Al7-2

Objectives/Hypothesis

Effects of Cosmic Particle Radiation on the Scalp

Science Discipline

Radiation/Environmental Health

Investigator Institute

F.S. Vogel Duke University Medical Center

Co-Investigator(s) Institute

Certain cellular components of the skin are known to be sensitive to conventional
radiation, and there is evidence to suggest that these components might be altered
by radiation from high-energy galactic cosmic ray particles. The objective of this
study was to pursue the problem further by studying the scalps of mice flown on
Apollo 17. However, while subscalp monitoring for cosmic ray particles allowed a
check of correspondence between particle tracks in the dosimeters and any scalp
lesions, the dosimeter itself is a foreign body which would expect to induce
cellular and tissue reactions.

Approach or Method

Lloyd, B. Duke University Medical Center
Cruty, M.R. University of San Francisco
Benton, E.V. University of San Francisco

Research Subject(s)

Two canisters were prepared with five pocket mice in each. One canister was
used in the flight experiment; the other was used as a ground control, undergoing
the same stress as the flight canister. Flight mice were implanted with plastic
dosimeters underneath the scalp. The scalps of the four mice that survived the
flight and two controls were fixed, embedded, and serially sectioned to 8 pm in the
coronal plane. Stained sections were examined microscopically at 450x. A
rectangular portion of skin was removed from the lower lumbar region of the
back of one flight mouse to serve as an added control against any nonspecific
trauma resulting from the dosimeter. Comparisons between the length of the
dosimeter and total thickness of the 8 pm sections, and between dosimeter width
and the dermal indentations along the dosimeter edges, suggested that an 8% scalp
shrinkage had occurred during histological processing.

Results

Perognathus longimembris (Pocket Mouse)

1 Flight Female; 3 Flight Males Male/female

Ground-Based Controls

17 Trajectory Controls (tracked mice); 1 Unimplanted Control; 1 Flight
Backup

Key Flight Hardware

BIOCORE: Life Support Hardware; Pocket Mouse Radiation Dosimeter

More Information

Mission p. 71-5; Publications p. 405; Hardware p. 462-5

Only minor alterations were found in the scalp of the non-implanted control,
while two epidermal lesions were identified in the flight backup. However, the
absence of leukocytes served to distinguish this tissue reaction from reactions
regarded as due to lesions in flight animals. The lesions detected only in the
flight scalps were of a necrotic nature with regard to the epidermis and hair
follicles, and acute inflammatory cells could be found in the dermis and the
subcutaneous tissue as well. Similarities between lesions in the scalp and removed
skin suggest that the area not exposed to the dosimeter had received comparable
focal injuries during space flight. The number of scalp lesions and number of
tracks in dosimeters varied notably, though, thirteen lesions as opposed to 76
tracks. In explanation of this difference, it was suspected that lesions, if initiated
by cosmic ray particles early in the flight, would have reached a state of advanced
repair by recovery, while if such a trajectory was coincident with the dosimeter, it
would be permanently recorded.
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I \00//0 17 / BIOCORE Al7-3

Title of Study

Objectives/Hypothesis

Effects of Cosmic Particle Radiation on the Nasal Mucosa

Science Discipline

Radiation/Environmental Health

Investigator Institute

L.M. Kraft NASA-Ames Research Center

A totally unexpected result of the Apollo 17 flight was the appearance in all of the
flight animals of profound alterations of the olfactory epithelium, while the epi-
thelium of the control animals remained entirely normal. The alterations con-
sisted of “disarrayed” olfactory epithelium, on the one hand, and of disseminated
discrete lesions, on the other. This investigation was undertaken in an effort to
elucidate possible causes of the alterations.

Co-Investigator(s) Institute Approach or Method
Vogel, F.S. Duke University Medical Center Two canisters were prepared with five pocket mice in each. One canister was
Lloyd, B. University of San Francisco used in the flight experiment; the other was used as a ground control, undergoing
B . . ‘ S the same stress as the flight canister. In addition, several control mice exposed to

enton, E.V. University of San Francisco increased ox ial . . ’ ‘ P

' . ' ygen partial pressure in KO, tests during hardware verification were

Cruty, M.R. University of San Francisco also examined. Histological sections were prepared from whole-head mounts and
Haymaker, W. NASA-Ames Research Center sectioned in the coronal plane. Camera lucida drawings were made at intervals of
Leon, H.A. NASA-Ames Research Center 80 pm to ascertain the topography of the olfactory and respiratory mucosa and

NASA-Ames Research Center
NASA-Ames Research Center

Billingham, J.
Turnbill, C.E.

Teas, V. Cleveland Psychiatric Institute
Look, B.C. NASA-Ames Research Center
Suri, K. NASA-Ames Research Center

Research Subject(s)

record the location and character of lesions. Lesion dimensions were determined
by an optical micrometer and shapes inferred from composites of 10 pm serial
sections. Areas of olfactory and respiratory regions were calculated; volume and
surface area covered by olfactory epithelium were also determined. By multi-
plying the dosimeter particle flux by the planar target area of the mucosa, it was
possible to obtain an estimate of the number of HZE particles which passed
through the mucosa.

Results

Perognathus longimembris (Pocket Mouse)

1 Flight Female; 4 Flight Males (3 live) Male/female

Ground-Based Controls

17 Trajectory Controls (tracked mice); 7 Untreated; 4 Flight Backup; 6
Environmental (K0,) Controls

Key Flight Hardware

BIOCORE: Life Support Hardware; Pocket Mouse Radiation Dosimeter

More Information

Mission p. 71-5; Publications p. 405; Hardware p. 462-5

The olfactory epithelium, but not the nasal respiratory epithelium, of the four
mice that survived the flight showed both diffuse alterations and numerous
disseminated focal lesions. The olfactory mucosa of the mouse that died inflight
was also affected, but to a minor degree insofar as could be detected. A number
of possible causes was considered: systematic or regional infection; inhaled
particulate material (seed dust); by-products from the KO, bed in aerosol or
particulate form; gas contaminants originating in the flight package; volatile
substances from the dead mouse; weightlessness; and cosmic particle radiation.
Of these only the latter two seem likely as a result of control studies. It would be
necessary to invoke the whole spectrum of radiation as causative if cosmic
radiation were to be the cause. It was also noted that a Lunar Neutron Probe
containing U*® was located in the locker next to the flight package; however,
neutrons from this source have insufficient energy to penetrate the flight

package.
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N A 00//0 17 / BIOCORE

Title of Study

Al7-4

Objectives/Hypothesis

Effects of Cosmic Particle Radiation on the Ear

Science Discipline

Radiation/Environmental Health

Investigator Institute

W. Haymaker NASA-Ames Research Center

Co-Investigator(s) Institute

Hemorrhage had occurred in the middle ear cavity of mice subjected to increased
oxygen partial pressure in KO, tests during hardware verification, and hemorrhage
and/or exudative materials were noted in all flight and flight backup mice. The
main objective was to determine if hemorrhagic materials in the middle ear
cavities and the cellular reaction thereto differed in any way in the flight animals
compared to the flight backup controls. This study was also to investigate if the
otoconial apparatus of mice flown on Apollo 17 had been altered as a result of
weightlessness, and to determine whether any structures of the inner ear had been
injured by cosmic ray particles.

Approach or Method

Leon, H.A. NASA-Ames Research Center
Barrows, W.F. NASA-Ames Research Center
Suri, K. NASA-Ames Research Center
Kraft, L.M. NASA-Ames Research Center
Turnbill, C.E. NASA-Ames Research Center
Webster, D.B. Louisiana State University
Ashley, W.W. NASA-Ames Research Center
Look, B.C. NASA-Ames Research Center
Simmonds, R.C. NASA-Ames Research Center
Cooper, W. Northrup, Inc.

Platt, W.T. NASA-Ames Research Center

Research Subject(s)

Two canisters were prepared with five pocket mice in each. One canister was
used in the flight experiment; the other was used as a ground control, undergoing
the same stress as the flight canister. In addition, several control mice exposed to
increased oxygen partial pressure in KO, tests during hardware verification were
also examined. Examinations were conducted at a rostral level of the middle ear.
Heads were decalcified, embedded, serially sectioned to 10 pm, and stained; the
second section (of eight) on every fourth slide throughout the middle ear cavity
was examined. Criteria were established to evaluate the findings from the middle
ear cavity based on histological features of linings in untreated animals. To
sample leukocytic response quantitatively in a manner that would introduce the
least bias, the procedure was adopted to start counting air cells that contained
hemorrhagic materials (i.e. plasma, protein material, blood clots, unidentified
remnants of exudative material).

Results

Perognathus longimembris (Pocket Mouse)

1 Flight Female; 4 Flight Males (3 live) Male/female

Ground-Based Controls

17 Trajectory Controls (tracked mice); 5 Untreated; 4 Flight Backup; 3
Environmental (K0,) Controls; 3 Implanted Controls

Key Flight Hardware

BIOCORE: Life Support Hardware; Pocket Mouse Radiation Dosimeter

More Information

Mission p. 71-5; Publications p. 405-6; Hardware p. 462-5

No evidence was found that the inner ear had been damaged, although poor
fixation precluded a detailed study. The distribution of hemorrhagic materials in
flight and flight backup middle ear cavities differed from animal to animal in
both groups. Extraneous factors that might be held accountable for the occur-
rence or nonoccurrence of hemorrhage would include the amount of food in the
mouth or being swallowed at the of pressure excursion and the degree of respon-
siveness of the mouse to autoinflation of the middle ear cavity. Either the active
feeding state or torpor could be expected to influence the patency of the nares and
Eustachian tubes at the time of pressure excursion. There was no increase in
leukocyte population along the paths of the 23 cosmic ray particles registered as
traversing the middle ear in the dosimeters. The increased exudation and the
greater response by leukocytes in the flight mice may have been causally related
to the lesions found in their olfactory mucosa, but there was no data in support of
this possibility.
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I\ 00//0 17 / BIOCORE Al7-5

Title of Study

Objectives/Hypothesis

Effects of Cosmic Particle Radiation on the Eye

Science Discipline

Radiation/Environmental Health

Various types of “light flashes” had been seen by astronauts on previous Apollo
missions. This experiment was to explore for the first time the question of the
radiobiological hazard posed to the retina from cosmic ray particles. The
objective of this study was to derive preliminary information on the risk to the
human retina from the passage of cosmic ray particles through the eyes in the
course of deep space missions. No method was incorporated to ascertain whether
light flashes were produced in the mouse eyes. However, the astronauts
themselves observed several flashes.

Investigator Institute

D.E. Philpott NASA-Ames Research Center

Co-Investigator(s) Institute Approach or Method

Corbett, R.L. NASA-Ames Research Center Two canisters were prepared with five pocket mice in each. One canister was

Takahashi, A. Kanazawa University, Japan used in the flight experirpent; th.e other was used as a ground cqnt.rol,. undergoing

Benton. E.V Universitv of San Francisco the same stress as the flight canister. Most of the eyes were left in situ and serial
> y sectioned at 10 pm with the head. Right eyes from two flight mice were fixed and

Cruty, M.R. University of San Francisco serially sectioned at 2 pm and the resultant 1,550 sections were mounted on glass

Research Subject(s)

slides. Some 2 pm sections were examined by phase contrast, while others were
stained and then examined. Other sections cut at 400-500 A were stained with
uranyl acetate and lead citrate and studied under an electron microscope.

Results

Perognathus longimembris (Pocket Mouse)

1 Flight Female; 4 Flight Males (3 live) Male/female

Ground-Based Controls

17 Trajectory Controls (tracked mice); 5 Flight Backup; 4 Untreated

Key Flight Hardware

BIOCORE: Life Support Hardware; Pocket Mouse Radiation Dosimeter

More Information

Mission p. 71-75; Publications p. 406; Hardware p. 462-5

In the four surviving mice, a total of five cosmic ray particles which had regis-
tered in the dosimeters had trajectories that intersected the eyes. Four of them
(Z=6-9 for three and Z 10 for the fourth) most likely went through the head
before reaching the dosimeter, while direction of the fifth was indeterminable.
Lack of any observable lesion in the retina could be attributed either to the very
small probability of a particle’s Bragg peak being so thin a target as the retina to
insufficient particle energy loss in the retina. While it is not known whether the
traversal of the retina by cosmic ray particles yielded enough excitation energy to
produce light flashes in the flight mice, it appears there was less energy deposition
in the retina than was required for a particle to produce retinal damage. For the
five trajectories identified, the LET in the retina would be less than the LET in
the dosimeter; on average LET in the retina would have been £200 keV/pm.
Results from accelerator studies have shown retinal damage only when the Bragg
peak, a much higher LET region, was in or near the retina.
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I O~ O-A / Orbiting Frog Otolith Satellite OFO-1.1

Title of Study

Objectives/Hypothesis

Orbiting Frog Otolith Experiment: Preliminary Results

Science Discipline

Space flight has created a condition of total alteration of the normal input to the
balance receptors, including those of the otolith organ, the portion of the inner
ear which controls balance with respect to the excitation of gravity. This is
thought to be responsible for the space motion sickness or air sickness syndrome
that may accompany flights on both planes and spacecraft. The OFO-A mission
was prepared as part of a special program of vestibular physiology with the purpose

Neuroscience of studying the way in which gravitational pull affects vestibular function. This

_ , experiment was to obtain information concerning the response of the basic accel-
Investigator Institute eration sensor mechanism (hair cells of the otolith organ) in weightlessness.
T. Gualtierotti University of Milan
Co-Investigator(s) Institute Approach or Method
Bracchi, F. University of Milan Two bull frogs were completely immersed in water. Action potentials were
Rocca, E. University of Milan recorded from four vestibular nerve fibers corresponding to the gravity sensors of

Research Subject(s)

the inner ear. The design of the satellite kept inflight acceleration to a maximum
of 10°g, and an onboard centrifuge could periodically produce up to 0.6 g of
stimulation. Spike train data patterns recorded during orbital flight and ground
control experiments were compared to determine any alterations in the basic
activity of vestibular cells. EKG was continuously monitored as a vital index of
the animals’ condition. Centrifuge operation was preplanned for the first day of
flight, after which it was carried out according to an experiment routine chosen
on the basis of preceding results.

Results

Rana catesbeiana (Bullfrog)

2 Demotorized Frogs (periodically centrifuged) Male

Ground-Based Controls

Flight Simulation Control (2 Frogs); Laboratory Baseline Controls

Key Flight Hardware

Frog Otolith Experiment Package (FOEP); FOEP Life Support System
(LSS)

More Information

Mission p. 65-7; Publications p. 406; Hardware p. 490-93

EKG showed the same characteristics as on the ground; probably submersion in
water was responsible for minimizing the impact of lift off. During the first nine
hours and up to the 46th hour of weightlessness, the firing at rest slowed down so
that the average interspike interval was more than four times longer in duration
than on the ground. A rebound effect was observed starting around the 48th hour
and reaching its climax after the 72nd hour with a spontaneous firing twice as fast
as that observed in 1 g. Although there was some time shift between specimens,
the general response pattern to the centrifuge was similar: a decrease beginning
after the third day, and a return to normal by day five. The responses during the
first few days suggest an inability to distinguish between zero input and maximum
input during this period, i.e., the receptors were not functioning. A trend towards
normalization was observed following this stage of maximum alteration. Results
indicate only a partial adaptation of basic neural control process to weightlessness
while some alteration remains.
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I O~ O-A / Orbiting Frog Otolith Satellite

Title of Study

OFO-1.2

Objectives/Hypothesis

Orbiting Frog Otolith Experiment: Secondary Spike Analysis

Science Discipline

Neuroscience

Investigator Institute

T. Gualtierotti University of Milan

During the OFO-A data analysis it appeared evident that the technique initially
used for data reduction, based on visual appraisal of spikes and voltage level
clipping, was completely inadequate and impossibly time consuming. Moreover,
it was evident that some information was lost, such as smaller spikes in the data
stream. This study was to further the investigation of frog vestibular function in
microgravity by development of automatic analysis of the spike train data and
recognition of secondary spikes. Analysis of the additional, smaller action
potentials constantly appearing in telemetry channels would noticeably increase
the amount of information obtained by the orbital experiment.

Co-Investigator(s) Institute Approach or Method

Bracchi, F. University of Milan A technique capable of automatic analysis of the rough multispike train data was
Morabito, A. University of Milan developed, based on spike shape discrimination and taking into account the mini-
Esposti, D University of Milan mum number of amplitude and temporal parameters of each spike. A three-

Crossignani, P. University of Milan

Research Subject(s)

channel apparatus was built which allowed the simultaneous reading of three
different spike potentials from the same electrode. The minimum number of
amplitude and temporal parameters necessary to unequivocally recognize the
spike potential was determined, and a “mask” is built by defining the voltage level
and time difference between the minimum and maximum of the spike. To
analyze a given spike, its shape is displayed on a storage scope through the mask
corresponding to the spike potential preset in one channel of the spike discrim-
inator. Values are set by potentiometers, and output is only obtained when the
input signal fits the preset values within a predetermined tolerance. A delay line
is added to allow analysis of the spike shape before the signal proceeds through
the automatic discriminator system.

Results

Rana catesbeiana (Bullfrog)
2 Demotorized Frogs (periodically centrifuged) Male

Ground-Based Controls

Flight Simulation Control (2 Frogs); Laboratory Baseline Controls

Key Flight Hardware

Frog Otolith Experiment Package (FOEP); FOEP Life Support System
(LSS)

More Information

Mission p. 65-7; Publications p. 407; Hardware p. 490-93

One additional spike was clearly recognized and analyzed as a result of data
reduction; the unit was determined to be a statoreceptor, of approximately the
same size and characteristics as the one identified in initial data reduction.
Results suggest that even units of the same nerve are independently affected by
weightlessness, although the direction of the change is similar. Responses to the
centrifuge spin cycle also followed the same variation pattern. Final conclusions
reveal an increase in magnitude of fluctuation of impulse rate up to twenty times
larger than on the ground, and a gradual return to normal by four to five days,
with activity at rest producing about the same magnitudes as activity from ground
controls. A change of gain and mode of responses to centrifuge spin cycles was
observed. This apparently random change in the mode of operation of otolith
cells from phasic to tonic and vice versa, involving both tonic and phasic stato-
receptors, was still present after six days of weightlessness, contrary to the
behavior of the spontaneous firing activity.
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I O~ O-A / Orbiting Frog Otolith Satellite

Title of Study

OFO-1.3

Objectives/Hypothesis

Orbiting Frog Otolith Experiment: Comparison to Control Studies

Science Discipline

Regulatory Physiology

Investigator Institute

T. Gualtierotti University of Milan

The inflight results of the OFO-A experiment put forward several questions and
problems, some of which could be answered by means of additional ground control
studies. For example, a leakage of the O, supply had significantly increased the
pressure inside the canister. Also there was a remote possibility that vibrations
produced inflight by the water pump may have affected vestibular activity. The
objective of this study was to essentially eliminate as many as possible variables
other than weightlessness to explain the changes observed in orbit. Additional
control experiments were performed on the ground with a much closer sampling
time than used in the original flight controls.

Co-Investigator(s) Institute Approach or Method

Bracchi, F. University of Milan A variety of environmental variables were investigated using the FOEP module:
Morabito, A. University of Milan temperature increase; hyperoxia/hypoxia; K Na*and Ca** variations in canister
Esposti, D University of Milan water; and natural decay (prolonged exposure), to assure that the responses observ-

Crossignani, P. University of Milan

Research Subject(s)

ed were due to the microgravity component of space flight. The water circulation
pump was suspended separately from the FOEP, connected by long polyethylene
tubing, and package was mounted on a special anti-vibratory base. Vibrations were
measured by a three-way accelerometer. In experiments at rest, samplings were
recorded fifteen minutes every hour, and EKGs were recorded simultaneously,
each time carefully maintaining the correct environmental variables (water
temperature, water pressure, PO,, etc.). In additional experiments, responses to
centrifuge spin cycles were recorded for each hour for several days through
computer operated automatic control.

Results

Rana catesbeiana (Bullfrog)
2 Demotorized Frogs (periodically centrifuged) Male

Ground-Based Controls

6 Stationary Controls (12 Frogs); 12 Centrifuge Controls (24 Frogs)

Key Flight Hardware

Frog Otolith Experiment Package (FOEP); FOEP Life Support System
(LSS)

More Information

Mission p. 65-7; Publications p. 407; Hardware p. 490-93

Vibrations were maintained below 107 in all directions. At rest the closer sampl-
ing confirmed the basic characteristic at rest with a range between one and four
seconds, and 100% standard deviation with a coefficient of variation = 1 was
confirmed. It was observed that occasionally the frequency of the discharge
became heart rate dependent, although no explanation for this phenomenon could
be found. It was thought that further experimentation with continuous recording
for 48-72 hours was needed to understand vestibular activity at rest. The most
intriguing effect of weightlessness was the changing of the vestibular statorecep-
tors mode from tonic to phasic and phasic to tonic; in all responses recorded from
centrifuge spin cycles no change of mode was detected. Such control studies
revealed that on the ground the response does not change in mode but in gain, as
the decaying process continues. It was concluded that the periodical change of
mode is a typical effect of weightlessness.
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I S <)//ab 3 / Circadian Periodicity Experiment

Title of Study

CPE-1

Objectives/Hypothesis

Chronobiology of Pocket Mice

Science Discipline

Regulatory Physiology

Investigator Institute

R.G. Lindberg University of California, Los Angeles

Co-Investigator(s) Institute

The objective of this experiment was to study the circadian system of a mammal
during space flight. Specifically, it was intended to discover whether the periods
of circadian rhythms of body temperature and animal movement of the pocket
mouse would be affected under conditions of prolonged weightlessness. Free
ranging mice were to be maintained in space in a closely controlled environment
for 30-56 days under constant dark and constant temperature conditions. Pocket
mice were chosen as subjects in part because of their ability to hoard food and
survive without water. Their concentrated feces permit continuous isolation for
several weeks uninterrupted by cage cleaning. Also the pocket mouse has a well
defined marker of circadian phenomenon (torpor), in which its metabolic rate
drops dramatically while at rest or in response to environmental stress. This is
reflected as a drop in body temperature.

Approach or Method

Hayden, M.A. University of California, Los Angeles

Research Subject(s)

Body temperature as a function of time is the primary data required from the
mice, and a small block oscillator type transmitter was developed for the experi-
ment. Subjects were selected on a number of criteria, including: expression of
torpor, precision of circadian period of body temperature, body weight (10 grams)
stability, food consumption, and general “housekeeping” behavior. Twenty-eight
pocket mice were implanted with biotelemetry devices a little over a month before
launch. Baseline data was collected at the lauch site in a specially designed
holding unit, and flight and backup CPE packages were loaded with six animals
each. Scientific analysis and evaluation of the experiment were derived from a
master magnetic tape of all data retrieved from the CPE units and as necessary an
examination of mission voice tapes. Average daily activity records referenced the
time of arousal from torpor and were correlated with body temperature measure-
ments.

Results

Perognathus longimembris (Pocket Mouse)
6 Implanted Mice

Ground-Based Controls

6 Flight Backup;

Key Flight Hardware

Circadian Periodicity Experiment (CPE) Package: Pocket Mouse
Experiment Hardware

More Information

Mission p. 79-81; Publications p. 407; Hardware p. 480-81

The quality of the data was excellent with data loss well below the specified 5%
limit, and the flight hardware operated flawlessly for thirty hours after launch.
Fairly regular bursts of activity at approximately sixty- to ninety-minute intervals
were apparent in animals prior to launch and correlated with a rise in body
temperature. Following launch, the tendency for bursts of activity persisted, but
the pattern was more random. Analysis of activity data collected inflight dem-
onstrated a good correlation with body temperature data, but the short inflight
recording precluded any significant conclusions regarding patterns of activity.
Attempts were made to average the daily activity record referenced to time of
entry into torpor and other arbitrary phase markers, but the bursts of energy
tended to average and meaningful patterns were not apparent. It was concluded
that had the experiment been completed, the additional activity data would have
been quite useful in accomplishing the stated objectives.
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I S <)/ab 3 / Circadian Periodicity Experiment CPE-2

Title of Study Objectives/Hypothesis

Circadian Rhythm in Vinegar Gnats This experiment was to investigate the circadian rhythm of the vinegar gnat
Drosophila (Fruit Fly) by monitoring the eclosion (hatching) periodicity in the
weightless environment.

Science Discipline
Cell/Developmental Biology

Investigator Institute

C.S. Pittendrigh Stanford University

Co-Investigator(s) Institute Approach or Method

none No information is available.
Research Subject(s) Results

Drosophila (Vinegar Gnat) Pupa No information is available.

720 pupa (180 per Enclosure)

Ground-Based Controls
720 pupa Flight Backup

Key Flight Hardware
Circadian Periodicity Experiment [CPE] Package: Vinegar Gnat (Fruit Fly)
Enclosure

More Information
Mission p. 79-81; Publications p. 407; Hardware p. 478-9
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Space Transportation System (STS) Program Experiments

Mission Page number

STS-3/0SS1 oo 217
STS-8ISSIP-8.....eieiieee e 251
STS-51B/SL-3 .. 220
STS-5LF/SL2 et 250
STS-10(41B)/SSIP-10.....cuiiiiiiiiiiiieeeeeeeics e 252
STS-29/SSIP-29 ...t 253
STS-34/GHCD-1 .coooiiiiieieeeeeee e 254
STS-32/CNCR-1 ..ootiiiiieiiiiiiiie et 255
STS-41/IPSE-L....ooiiiiiiiie e 256

Lists of experiments by discipline and reference number can be found in the
mission profiles in Section 4, Programs, Missions and Payloads.

Profile Page number

STS-3/0SS-1 oo 88
STS-8/SSIP-8...cooviiiiiiieeee e 112
STS-51B/Spacelab-3 .......cooovviiiiiiiiiiee e 92
STS-51F/Spacelab-2 ..., 101
STS-10(41B)/SSIP-10......uuuuuiiriiiiiiiiiiiiiiiieeieieeieeeeaeeeee e 112
STS-29/SSIP-29 ...coiiiiiiiei e 113
STS-34/GHCD-1 ..cooiiiiiiieieeeeee et 104
STS-32/CNCR-1L .cooiiiiiiieeeee e 106
STS-4L/PSE-L...cooiiiiiiiiiiiii e 109
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I S 7 S-3 / Office of Space Science 0SS-1.1

Title of Study

Objectives/Hypothesis

The Influence of Weightlessness on Lignification in Developing Plant
Seedlings

Science Discipline

Plant Biology

Plants have evolved on Earth in a gravity environment, and higher plants have
developed pathways to synthesize large amounts of the structural polymers, cellu-
lose and lignin, in order to grow upright against the gravitational force. This study
was designed to determine whether lignification occurs primarily as a response to
gravitational forces, or whether it might be determined genetically, with only a
minimum of environmental influences. Pine was chosen as the principal plant
species for study because it is a gymnosperm with the capacity to synthesize large
amounts of lignin.

Investigator Institute

J.R. Cowles University of Houston

Co-Investigator(s) Institute Approach or Method

Scheld, H.W. University of Houston The experiment was carried out using six chambers in the Plant Growth Unit

Lemay, R. University of Houston (PGU), which was placgd in a locker in the orbiter mid-deck. The pine was

Peterson. C. University of Houston germinated a few days in advance, to ensure that growth was underway before
, y

Research Subject(s)

launch; oat and mung bean seeds germinated just hours before launch served as
additional test specimens. The PGU was received at about 75 minutes after
landing, and plants were observed, photographed and the atmospheric gases
analyzed at the landing site. Pine seedlings from flight and control chambers
were analyzed for lignin and protein content and for phenylalanine ammonia-
lyase (PAL) and peroxidase activities. Selected mung bean and oat seedlings were
also analyzed for lignin.

Results

Pinus elliotti Engelm (Pine Seedlings)
Vigna radiata (L.) Wilczek (Mung Bean), Avena sativa L. cv. (Oat)

Ground-Based Controls

Synchronous Mung Beans, Oat, and Pine Seedlings

Key Flight Hardware

Plant Growth Unit [PGU]

More Information

Mission p. 88-91; Publications p. 407; Hardware p. 506-7

The PGU functioned successfully with plant species chosen for the experiment,
providing adequate nutrients and lighting for seed germination and seedling
growth. Several mung bean seedlings experienced orientation difficulties in
microgravity compared to controls, while germinating oat seeds did not exhibit
any orientation problems in either environment. While the plants grew towards
light as expected, almost half of the roots grew “upward” or towards the light as
well; 25-40% of the mung bean and oat roots were growing upwards. Flight
seedlings were shorter than the controls in all three species. CO, accumulation
was species specific and similar in flight and control PGUs; mung beans had the
greatest and pine the least. Overall lignin reduction in flight pine seeds over
controls was 4-5% and not statistically significant. Flight mung beans showed a
significant reduction in lignin content in comparison to controls, and PAL and
peroxidase activities were reduced in flight pine seedlings. Results generally
support the hypothesis that lignin synthesis is reduced in microgravity.
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I S 7 S-3 / Office of Space Science 0SS-1.2

Title of Study

Objectives/Hypothesis

Karyological Observations in Developing Root Seedlings

Science Discipline

Plant Biology

Examination of plants grown under microgravity is still in its infancy. As more
opportunities arise for making observations on space-grown material, it benefits
investigators greatly to learn as much as possible, however fragmentary, from
flight samples. As part of a larger investigation conducted in corporation with the
HEFLEX experiment flown on both STS-2 and STS-3, this study sought to utilize
oat and mung bean root seedlings germinated in space for karyological exami-
nations.

Investigator Institute

A.D. Krikorian State University of New York

Co-Investigator(s) Institute Approach or Method

O'Connor, S.A. State University of New York The experiment was carried out using the Plant Growth Unit (PGU), which was
Cowles, .R. University of Houston placed in a locker in the orbiter middeck. Mung beans and oats used in the
Scheld. LW University of Houston experiment were germinated just hours before launch. Flight samples were made

Research Subject(s)

available a little over 3.5 hours after recovery, before sufficient time had passed
for a cell division cycle to be completed prior to prefixation of the roots for chro-
mosome analysis. Substantial effort was made to acquire data, and frequently as
many as 10-20,000 cells were examined by actual count to find divisions.

Results

Avena sativa (Oat Root Seedlings)
Vigna radiata (Mung Bean Root Seedlings)
18 Oat and 10 Mung Bean Root Seedlings

Ground-Based Controls

Synchronous Oat and Mung Bean Root Seedlings

Key Flight Hardware

Plant Growth Unit [PGU]

More Information

Mission p. 88-91; Publications p. 407-8; Hardware p. 506-7

Overall length of the flight oat roots was some 6% less than in controls. Also, the
number of roots growing upward was greater in flight samples (i.e. 24 out of 93
versus none of the 86 control seedlings). There were about one-tenth as many
divisions as one would expect based on previous laboratory work with oat, and
much chromosome fragmentation and breakage could be observed. Although
based only on two plants, the number of divisions in the shoot growing region of
flight oats was much greater than in the root tips, suggesting that root cells had
been somewhat adversely affected by microgravity. In mung bean roots, the
number of overall divisions was about half the number encountered in routine
laboratory experimentation. No gross changes were detectable though, and except
for a reduction in number of cells in division, mung bean roots were in good
condition. Metaphase chromosomes from both mung bean and oat seedlings were
generally more contracted and had a poorer spread than ground control material.
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I S 7 S-3 / Office of Space Science 0SS-1.3

Title of Study

Objectives/Hypothesis

Cytological and Ultrastructural Studies on Root Tissues

Science Discipline

Plant Biology

Root cap cells have been identified as the gravireceptive tissue in roots, and the
directional sedimentation of root cap amyloplasts in response to gravity has been
proposed as a possible mechanism of gravity-perception in these cells. This study
was to investigate to what extent gravity, or its lack thereof, influences the organ-
ization of plant gravity-sensing tissues, such as the root cap.

Investigator Institute

R.D. Slocum Yale University

Co-Investigator(s) Institute Approach or Method

Gaynor, ].J. Rockefeller University The experiment was carried out in the Plant Growth Unit (PGU), which was
Galston. A.W. Yale University placed in a locker in the orbiter mid-deck. Mung beans and oats used in the
Krikorian. A.D State University of New York experiment were germinated just hours before launch. Root tips were excised and

Research Subject(s)

immediately immersed in fixative following disassembly of the PGU. After trans-
port from the landing site, samples were dehydrated, embedded, thin-sectioned,
and stained appropriately for light and electron microscopy.

Results

Avena sativa (Oat Root Seedlings)
Vigna radiata (Mung Bean Root Seedlings)
18 Oat and 10 Mung Bean Root Seedlings

Ground-Based Controls

Synchronous Oat and Mung Bean Root Seedlings

Key Flight Hardware

Plant Growth Unit (PGU)

More Information

Mission p. 88-91; Publications p. 408; Hardware p. 506-7

Control and flight roots from oat seedlings exhibited characteristic monocotyle-
donous tissue organization and normal ultrastructural features, except for cortex
cell mitochondria which exhibited a “swollen” morphology. The peripheral root
cap cells were considerably more vacuolated in flight-grown plants, and various
stages of cell division were observed in the meristemic tissues of oat roots. Mung
bean roots also showed normal tissue organization, although the root cap cells in
the flight samples were collapsed and degraded in appearance, especially at the
cap periphery. At the ultrastructural level, these cells exhibited a loss of organelle
integrity and a highly-condensed cytoplasm. This latter observation suggests a
differing tissue sensitivity for the two species to growth conditions in space. The
bases for abnormal root cap cell development is not understood, but the loss of
these putative gravity-sensing cells holds potential significance for long term plant
orientation during space flight.

Appendix I: Experiment Descriptions

219



I S 1 S-51B / Spacelab-3 SL3-1.1

Title of Study

Objectives/Hypothesis

Animal Studies on Spacelab-3

Science Discipline

Animal Maintenance

NASA-Ames undertook the first of several missions using animals as model
mammalian systems with which to delineate the fundamental mechanisms of
physiological response to an environment; i.e., microgravity. It was important to
select an animal that grows normally, behaves normally, and is free from chronic
stress to conduct high quality experiments on future missions. The primary objec-
tive of the Spacelab-3 mission was to evaluate the ability of the Research Animal
Holding Facility (RAHF) to maintain animals in a normal, laboratory
environment in space.

Investigator Institute

P.X. Callahan NASA-Ames Research Center

Co-Investigator(s) Institute Approach or Method

Schatte, C. NASA-Ames Research Center Two monkeys and two groups of twelve rats each were flown in the primate and

Grindeland, R. NASA-Ames Research Center rodent cage modules of the RAHF, respectively. One group of rats was composed
of twelve-week old adults and the other group was composed of juveniles about

Funk, G. MATSCO, Valley Forge eight weeks old. Four of the large rats %vere]:? implante(]i) with a t]ransmitter which

Lencki, W. MATSCO, Valley Forge permitted the continuous monitoring of heart rate and deep-body temperature.

Berry, W. NASA-Ames Research Center Food and water consumption, activity, and intermittent photographic records were

Tremor, |. NASA-Ames Research Center obtained automatically and temperature, humidity, and light cycles were all con-

’ trolled via the RAHF. Animals spent one hour in the Spacelab prior to launch,
Fast, T.N. NASA-Ames Research Center

Research Subject(s)

and rodents were not sacrificed until twelve hours following recovery. More
extensive studies were preformed by various investigators on the rats, following
biosample distribution.

Results

Rattus norvegicus (Sprague Dawley Rat)
Saimiri sciureus (Bolivian Squirrel Monkey)
24 Flight Rats (4 BTS implanted); 2 Monkeys Male

Ground-Based Controls

24 Simulated Flight Control Rats (4 BTS implanted); 24 Preflight Control
Rats; 2 Flight Simulation Control Monkeys

Key Flight Hardware

Research Animal Holding Facility (RAHF); RAHF Rodent Cage Module;
RAHF Primate Cage Module; Biotelemetry System (BTS)

More Information

Mission p. 92-100; Publications p. 408-9; Hardware p. 466-7, 540-49

Data indicate that the RAHF was able to maintain both rats and monkeys in a
relatively normal condition suitable for their use as experimental animals. Both
monkeys ate less food and were less active in space than on the ground. One
animal appeared to maintain a relatively normal eating behavior throughout the
mission, while the other showed abnormally low food consumption for the first
four days followed by substantial recovery during the last three days. Videotape
recordings were consistent with the conclusion that the latter may have suffered
from space motion sickness. Heart rate monitored in flight rats was lower at all
times, and its circadian rhythm was unchanged from that of preflight. Mean
body temperature was not changed; however, its rhythm was increased inflight,
suggesting that microgravity may cause body-temperature rhythm to become free-
running. With few exceptions all animals grew and behaved normally, were free
of chronic stress, and differed from ground controls only in gravity dependent
variables.
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Title of Study

SL3-1.2

Objectives/Hypothesis

Rat Maintenance in the Research Animal Holding Facility During the
Flight of Spacelab 3

Science Discipline

Animal Maintenance

Investigator Institute

T.N. Fast NASA-Ames Research Center

Co-Investigator(s) Institute

The understanding of space biology and the biomedical problems of space requires
that animals be carried into space and that the crew has access to them. In order
to provide valid data on the biological effects of microgravity it is mandatory that

the Research Animal Holding Facility (RAHF) adequately maintain the animals.

This study was to evaluate the husbandry capabilities of the RAHF.

Approach or Method

Grindeland, R. NASA-Ames Research Center

Kraft, L. NASA-Ames Research Center
Ruder, M. Santa Clara University
Vasques, M. Santa Clara University
Lundgren, P. NASA-Ames Research Center
Scibetta, S. Santa Clara University
Tremor, J. Santa Clara University
Buckendahl, P. Santa Clara University
Keil, L. NASA-Ames Research Center
Chee, O. NASA-Ames Research Center
Reilly, T. NASA-Ames Research Center

Research Subject(s)

A total of twelve large rats (400 g) and twelve small rats (200 g), all specific path-
ogen free, were flown in the RAHF for seven days. About three weeks before
flight, biotelemetry transmitters for measurement of deep-body temperature and
heart rate were implanted into seventeen large rats, five of which were selected
for flight. Three to five days after surgery, implanted rats were placed in flight-
type cages and the signals from their transmitters monitored to establish preflight
diurnal rhythms. About thirteen days before launch, the remaining animals were
also placed in flight-type cages where the rats could learn to use the flight feeders
and lixits. Body, food and water weights were observed preflight. The 24 flight
animals were inspected were inspected and weighed at recovery at the landing site
in California then flown to Kennedy Space Center for further inspection, micro-
biological sampling, and sacrifice. Organs and tissues were weighed and pre-
served for biosample distribution for further analyses.

Results

Rattus norvegicus (Sprague Dawley Rat)

24 Flight (4 BTS implanted) Male

Ground-Based Controls

24 Simulated Flight Control (4 BTS implanted); 24 Preflight Control

Key Flight Hardware

Research Animal Holding Facility (RAHF); RAHF Rodent Cage Module;
Biotelemetry System (BTS)

More Information

Mission p. 92-100; Publications p. 409; Hardware p. 466-7, 540-45, 548-9

The RAHF functioned well in providing an adequate environment and nutrition
for the animals. When recovered, rats had an extensive coating of dried urine
and food powder on their coats but were otherwise healthy and in good condition.
A variable flow rate in the cage modules may have prevented some of the urine,
feces and food powder from being deposited in the waste collection trays, which
resulted in some of the particulate matter escaping from the RAHF during feeder
and waste tray change-outs. Rats were strikingly calm when handled and did not
resist oral swabs or fecal collection. An unexplained disparity was seen in the
growth rates of flight rats with telemetry implants as compared to the implanted,
ground controls. Elevated blood glucose concentrations in both large and small
rats probably reflect re-entry stress, analogous to the responses shown by astro-
nauts postflight. Other increased blood chemical responses shown by small flight
rats included urea nitrogen, cholesterol, potassium and glutamic-pyruvic trans-
aminase, and may indicate muscle wasting or responses of growing rats to micro-
1
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Title of Study Objectives/Hypothesis

Microgravity Changes in Heart Structure and Cyclic-AMP Metabolism Physiological changes which are the consequence of altered gravity conditions
were studied in order to evaluate their effect on manned travel in space. Cardiac
deconditioning has been found in astronauts, in humans after prolonged bed rest,
in monkeys exposed to hypokinesia, and rodents exposed to increased gravity or

Science Discipline weightlessness. Altered gravity has been shown to induce morphologically observ-

able changes associated with myocardial degeneration (accumulation of lipid drop-
lets, increased glycogen storage, alterations in microtubule distribution). In this
experiment, cardiac ultrastructure and cyclic AMP metabolism were studied in

Cardiovascular/Cardiopulmonary

Investigator Institute tissues of space-flown rats.
D.E. Philpott NASA-Ames Research Center
Co-Investigator(s) Institute Approach or Method
Fine, A. National Institutes of Health Tissues were post-fixed and processed for electron microscopy. Adenylate cyclase
Kato, K. NASA-Ames Research Center activities were monitored by following the conversion of *H-ATP to *H-cAMP,
Egnor, R. National Institutes of Health and cAMP was ‘r(?n.loved by colump chromatography. . Low Km angl high Km

b Jtional ) ¢ Health cAMP-PDE activities were determined, and the reaction product (°H-5 AMP) was
Cheng, L. National Institutes of Healt elutriated from a polyacrylamide boronate affinity gel chromatographic column.

Mednieks, M. Northwestern University cAMP-dependent protein kinase activity was measured as the incorporation
y*?P-ATP into protein. Assays were carried out with protamine as the exogenous
phosphoacceptor protein and in either the absence or presence of exogenous
(10°M) cAMP, as was phosphorylation of endogenous substrate proteins without
the addition of protamine. Compartmental subunits distribution of regulatory
cA-PK subunits was determined using a photoaffinity labeling method with [*°P]-8-
azido cyclic AMP, and type I and type II cA-PK were separated on SDS-gradient
gels and identified by autoradiography of Western blots.

Research Subject(s) Results
Rattus norvegicus (Sprague Dawley Rat) Changes in ultrastructure and biochemistry were found in the heart tissue of flown
6 Flight Male rats. An accumulation of lipid droplets and changes in glycogen deposits and mic-

rotubules were observed at the electron microscope level as a result of space flight.

Ground-Based Controls Adenylate cyclase and low Km PDE activities were not altered, but a decrease in

high Km phosphodiesterase was seen in flight homogenates. Protein kinase

6 Simulated Flight Control activity decreased, while activity ratios increased, indicating that the holoenzyme
was more extensively dissociated and inactivated during space flight. Together
Key Flight Hardware with other studies of responses to catecholamines, results show that B-adrenergic

responses were affected during space flight. While events at the cell surface level
were within the range of homeostatic control, intracellular signal processing of
the receptor interactions was modified. Results suggest that heart muscle energy
More Information metabolism may be altered in microgravity.

Mission p. 92-100; Publications p. 409-10; Hardware p. 466-7, 540-45, 548-9

Research Animal Holding Facility (RAHF); RAHF Rodent Cage Modules;
Biotelemetry System (BTS)
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Title of Study

SL3-3

Objectives/Hypothesis

Atriopeptin in Atria and Plasma of Rats Orbited Aboard NASA Spacelab-3

for Seven Days

Science Discipline

Cardiovascular/Cardiopulmonary

Investigator Institute

W. Inge Emory University School of Medicine

Co-Investigator(s) Institute

Atriopeptins are of interest in space flight due to their putative involvement in the
adjustment of astronauts to the cephalad shift of body fluid experienced in orbital
flight. This shift of some two liters of fluid is thought to stimulate right atrial
stretch receptors, resulting in the release of atriopeptins which cause natriuresis
and diuresis by direct action on the kidney, inhibition of aldosterone and vaso-
pressin secretion, and by dilation of large vessels which further enhances central
pooling of blood. In this study, atriopeptin (AP-3) was examined in the atria and
plasma of space-flown rats.

Approach or Method

Hartle, D. Emory University School of Medicine

Research Subject(s)

Right and left atria were dissected separately and about 40 mg of tissue from the
ventricular apex was removed. A plasma sample was also taken. After transport,
samples were analyzed for atriopeptin immunoreactivity (APir) by radioimmuno-
assay. To determine if the halothane anesthesia or decapitation might have
altered APir, a group of sixteen rats equipped with chronic catheters in their left
carotid artery were also studied. Half of the rats were anesthetized with halo-
thane, and a blood sample was taken from the catheter of all rats before sacrifice.
Laboratory catheter and trunk samples were then similarly analyzed for APir.

Results

Rattus norvegicus (Sprague Dawley Rat)

6 Flight Male

Ground-Based Controls

6 Simulated Flight Control; 16 Laboratory Control (anesthesia control)

Key Flight Hardware

Research Animal Holding Facility (RAHF); RAHF Rodent Cage Module

More Information

Mission p. 92-100; Publications p. 409-10; Hardware p. 540-45, 548-9

While the flight animals’ right and left atria had higher levels of AP-3 than the
synchronous controls, the difference was not statistically significant. Due to the
high level of uncontrolled stresses on both groups of rats, the observed values
cannot be considered representative of basal AP-3 levels in the rat. The labora-
tory study demonstrated the profound effect of the halothane anesthesia on AP-3.
Plasma AP-3 levels of rats anesthetized were over 400% higher than in conscious
controls. It is evident that the large number of stresses connected with trans-
porting and handling animals for space flight make it essential that studies of
labile factors such as atriopeptins be conducted on samples obtained inflight,
rather than attempting to rely solely on postflight sampling.

Appendix I: Experiment Descriptions
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Title of Study

SL3-4

Objectives/Hypothesis

Effect of Flight on Mission SL-3 on Cytokine Production By Rats

Science Discipline

Immunology/Microbiology

Investigator Institute

C.L. Gould NASA-Ames Research Center

Co-Investigator(s) Institute

Several lines of evidence suggest that there may be compromises of immune
responses in humans or experimental animals exposed to weightless conditions
during space flight, or maintained in hypodynamic, hypokinetic, antiorthostatic
models simulating some aspects of weightlessness. Among those immune re-
sponses and defenses possibly altered in such conditions is the cytokine system.
The present study was carried out to determine the effects of a period of weight-
lessness on interferon (IFN) and interleukin-3 (IL-3) production by rats.

Approach or Method

NASA-Ames Research Center
University of Louisville

Williams, J.A.
Gould, C. L.
Lyte, M.
Sonnenfeld, G.

University of Pittsburgh
University of Louisville

Research Subject(s)

Spleens were removed from rats, separated into individual cells, suspended, and
supplemented with antibiotics. Cultures were then stimulated with concanavalin
A for 48 hours to induce IFN-gamma and IL-3. Supernatant fluids were har-
vested from the culture. Supernatant fluids were analyzed for IFN antiviral
activity. Due to cross reaction of rat and mouse IFN, the assay was carried out on
mouse L-929 cells using the Indiana strain of vesicular somatitis virus as the
target. Assays used were either a plaque reduction or microplaque reduction, and
the IFN titer corresponded to the reciprocal of the greatest dilution of the test
sample that reduced virus plaques by 50%. IL-3 assays were carried out by deter-
mining the ability of the supernatants to support the growth of an IL-3-dependent
cell line.

Results

Rattus norvegicus (Sprague Dawley Rat)

10 Flight Male

Ground-Based Controls

10 Simulated Flight Control

Key Flight Hardware

Research Animal Holding Facility (RAHF); RAHF Rodent Cage Modules

More Information

Mission p. 92-100; Publications p. 410; Hardware p. 540-45, 548-9

Spleens of all flown rats were substantially reduced in weight compared to con-
trols. Spleen cells of seven of ten ground control rats produced moderate levels of
IFN-y, while only one of ten flight rats whose IFN-y production was analyzed
produced any IFN-y, and the level of production of that one rat was at the lower
level of detection of the assay system. Decreased spleens size in flown rats may
be due to altered activity of T-lymphocytes in the spleen which are responsible for
IFN-y production. The drop in IFN-y production could been related to micro-
gravity, or to stress during postflight transport. However, it is unknown if the
IFN-y production decrease is permanent or transient in nature (i.e., would IFN-y
production have returned to normal had the rats been allowed to recover further
on the ground before sacrifice). Studies with antiorthostatic modeling have
suggested that, in mice, ability to produce IFN recovers after return to normal
caging. IL-3 production was not affected by space flight. Thus space flight only
affects specific components of the immune response.
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Title of Study

SL3-5

Objectives/Hypothesis

The Influence of Space Flight on the Rat Soleus

Science Discipline

Musculoskeletal

Investigator Institute

V.R. Edgerton University of California, Los Angeles

Co-Investigator(s) Institute

Results from previous Cosmos experiments have shown that several biochemical
and physiological properties of rat skeletal muscle are altered after space flight.
These studies have been based primarily on analysis of whole muscle properties.
Since there is a potential difference in the response of muscle fibers differing in
size and alkaline adenosinetriphosphatase (ATPase) type, this study focused on the
adaptation to space flight of single muscle fibers. The purposes of the study were:
1) to define the size and metabolic responses to space flight and 2) to determine
the specificity of these responses to the muscle and the ATPase type and size of
its fibers.

Approach or Method

Martin, T.P.
Grindeland, R.

University of California, Los Angeles
NASA-Ames Research Center

Research Subject(s)

The left soleus (SOL), adductor longus (AL), plantaris (PL), extensor digitorum
longus (EDL), and medial gastrocnemius (MG) muscles were removed. Frozen
serial sections (10 pm) were prepared for determination of alkaline (pH 8.8) myo-
fibrillar ATPase staining density, and SDH and GPD activity. Fiber cross-sec-
tional areas were also determined from ATPase stained sections. A computer-
assisted image analysis system was used to quantify the rate of change of optical
density (OD) for each fiber, and the rate of staining (OD/min) was directly pro-
portional to the enzyme activity. Remaining SOL and EDL tissue was powdered
and lypholized for biochemistry. Myofibrillar ATPase, the release of inorganic
phosphate in the reaction, and protein content were determined from 1 mg
samples.

Results

Rattus norvegicus (Sprague Dawley Rat)
6 Flight Male

Ground-Based Controls

6 Flight Simulated

Key Flight Hardware

Research Animal Holding Facility (RAHF); RAHF Rodent Cage Module

More Information

Mission p. 92-100; Publications p. 410-11; Hardware p. 540-45, 548-9

Wet weight of each of the flight muscles was significantly reduced compared to
controls; loss varied from 36% in the SOL to 15% in the EDL. Cross-sectional
areas of fibers in flight muscles were also reduced, except for the dark ATPase in
the MG. The greatest relative fiber atrophy occurred in the muscles with the
highest proportion of light ATPase fibers. An increase in the percentage of dark
ATPase fibers was also observed in flight muscles with a predominance of light
ATPase fibers. There was an increase in the biochemically determined myo-
fibrillar ATPase activity of tissue sections of the flight SOL. No changes in
histochemical or biochemical measures of ATPase activity were observed in the
EDL. In general, the SDH activity of the flight muscles was maintained,
whereas GPD activity either was maintained or increased. This suggests an
increase in the proportion of fast oxidative-glycolytic fibers in some muscles,
apparently at the expense of slow oxidative fibers.

Appendix I: Experiment Descriptions
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Title of Study

SL3-6

Objectives/Hypothesis

Electron Microprobe Analyses of Calcium, Sulfate, Magnesium, and
Phosphorous Distribution in Incisors of Spacelab-3 Rats

Science Discipline

Musculoskeletal

Investigator Institute

G.D. Rosenberg Indiana/Purdue University

Co-Investigator(s) Institute

This experiment was to determine if the microgravity of space flight altered the
normal patterns of mineralization during amelogenesis and dentinogenesis in the
rat incisor, a tissue which preserves a thirty-day record of growth in its concentric
growth increments. Ca, S, Mg, and P distributions were determined to assess
mineralization patterns.

Approach or Method

Simmons, D.J. Washington University, St. Louis

Research Subject(s)

The distribution of Ca, S, Mg, and P was mapped within the incisors using an
electron microprobe. Medial sections of incisors from Spacelab-3 rats and
ground-based controls were analyzed with the electron microscope. Traverses
were Fourier analyzed and frequency smoothed by recombining 50% of the
harmonics. Calcium ratios were determined. Results were compared with
ground-based controls and incisor studies conducted on other space-flown rodents.

Results

Rattus norvegicus (Sprague Dawley Rat)

Flight Number Unknown Male

Ground-Based Controls

Simulated Flight Number Unknown

Key Flight Hardware

Research Animal Holding Facility (RAHF); RAHF Rodent Cage Module

More Information

Mission p. 92-100; Publications p. 411; Hardware p. 540-45, 548-9

Newly-formed incisor dentin from SL-3 flight rats contained higher than normal
concentrations of calcium, and lower than normal magnesium concentrations.
Though mean tissue Ca/P ratios in flight rats were normal, detailed analysis
indicates that the Ca/P ratios tend to be lower than normal in the most recently
formed dentin of the flight rats. Ca/Mg ratios were statistically different in the
flight rats. Ca/S ratios were highest in flight rats by virtue of higher tissue Ca.
Though not as pronounced, these results are consistent with Cosmos 1129, where
large sulfur-“spikes” were observed in the rat dentin, apparently a result of the
longer duration (18.5 days) of that flight. Results further suggest that continuously
growing rat incisors provide useful records of the effects of weightlessness on Ca
metabolism. The failure of flight rat dentin to exhibit the normal decrease in
Ca** within about 100pm of the pulp cavity could indicate that dentinogenesis was
slowed during the mission, allowing time for the secondary mineralization/apatite
crystal growth to increase the local Ca/P and Ca/Mg ratio.
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Title of Study

SL3-7

Objectives/Hypothesis

Microprobe Analyses of Epiphyseal Plates from Spacelab 3 Rats

Science Discipline

Musculoskeletal
Investigator Institute
P.J. Duke University of Texas Dental Branch

Co-Investigator(s) Institute

Ultrastructural studies of epiphyseal plates from young rats flown aboard Cosmos
1129 showed that production and mineralization of matrix vesicles were delayed in
flight rats. Also, the matrix of metaphyseal trabeculae contained fewer collagen
fibers than did the matrix of ground controls, and the collagen was less mature as
shown by smaller fiber size and lack of banding. A comprehensive analysis of
plate and zone height was not carried out but no apparent difference was seen in
height of zones or numbers of cells per zone. This study was to determine if
differences in bone matrix formation could be observed after seven days in
microgravity.

Approach or Method

Janer, L.
Campbell, M.
Montufar-Solis, D.

University of Texas Dental Branch
University of Texas Dental Branch
University of Texas Dental Branch

Research Subject(s)

Proximal tibial epiphyseal plates were dissected from right tibias of six flight and
six control rats and prepared for microprobe analysis using a freeze substitution
method. Measurements of matrix composition were made in longitudinal septi of
each of the four zones: resting, proliferative, hypertrophic, and calcifying. Na,
Mg, P, Ca, and K distributions were among the parameters measured. Portions of
these plates were also analyzed extensively by light and electron microscopy to
detect differences in height and cell number per plate and zone, as well as ultra-
structure of collagens, proteoglycan granule size and number per area, and matrix
vesicle distribution.

Results

Rattus norvegicus (Sprague Dawley Rat)

6 Flight Male

Ground-Based Controls

6 Simulated Flight Control

Key Flight Hardware

Research Animal Holding Facility (RAHF); RAHF Rodent Cage Module

More Information

Mission p. 92-100; Publications p. 411-2; Hardware p. 540-45, 548-9

In control plates, all zones had high levels of Na, and in unmineralized regions,
low levels of Mg, P, and Ca. K and S levels were high and increased from the
proliferative to the calcifying zones. The level of P rose in the mineralized
regions of the matrix and Ca/P ratios ranged from 1.2-1.4. In contrast, flight
animals had very low Na and K values; Mg levels were unaffected. S levels were
less than half of control values, and Ca values were less in both unmineralized
and mineralized regions, although the Ca/P ratio was similar to that of controls.
These data indicate that even a short space flight can alter bone mineralization,
and that the primary defect is at the level of initial matrix production. Data is
consistent with other flight studies, and in contrast to the increased matrix for-
mation seen in studies of embryonic limbs centrifuged in vitro. Less matrix
formation is also consistent with analyses of growth plate height and the hypo-
thesis that decreased gravity causes decreased differentiation.
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Title of Study

SL3-8

Objectives/Hypothesis

Effect of Seven Days of Spaceflight on Hindlimb Muscle Protein, RNA
and DNA in Adult Rats

Science Discipline

Musculoskeletal
Investigator Institute
J. Steffen University of Louisville

Co-Investigator(s) Institute

In rats, muscles composed predominantly of slow-twitch fibers (soleus) are most
responsive to the unloading associated with weightlessness, whereas those com-
posed of fast-twitch fibers (EDL) display reduced sensitivity. Muscle atrophy
resulting from whole body suspension has been associated with reduced protein
content, elevated DNA concentration, and decreased RNA content. The aim of
the present study was to investigate these same parameters (protein, DNA, RNA)
in hindlimb muscles of rats exposed to seven days of weightlessness.

Approach or Method

Musacchia, X.J. University of Louisville

Research Subject(s)

Soleus, gastrocnemius and EDL muscles were excised from flight and control
subjects, frozen in liquid nitrogen, and shipped to the lab on dry ice where they
were stored at -80 °C until analyzed. Protein content was quantified with a mod-
ified Lowry technique; DNA was determined calorimetrically with diphenyla-
mine; and RNA was assayed spectrophotometrically at 260 nm. A second piece
of muscle was utilized to fractionate sarcoplasmic and myofibrillar proteins with
consecutive extractions of tissue homogenates with low and high salt solutions.

Results

Rattus norvegicus (Sprague Dawley Rat)

Flight Number Unknown Male

Ground-Based Controls

Simulated Flight Control Number Unknown

Key Flight Hardware

Research Animal Holding Facility (RAHF); RAHF Rodent Cage Module

More Information

Mission p. 92-100; Publications p. 412; Hardware p. 540-45, 548-9

In flight and control animals, total protein contents were reduced in parallel with
muscle weights. The proportion of total noncollagenous proteins increased signi-
ficantly in the soleus muscles of the flight rats, suggesting a more pronounced
effect on myofibrillar proteins than on sarcoplasmic proteins. There were no
significant changes in absolute DNA contents, but a significant increase in DNA
concentration in soleus muscles from flight rats. Coupled with observations of
decreased protein content, this suggests a reduction in the volume of fibers in the
soleus rather than a loss of cells as the factor in the reduced muscle mass. Abso-
lute RNA contents were significantly decreased in the soleus and gastrocnemius
muscles of flight rats, with RNA concentrations reduced 15-30%. These results
agree with previous ground-based observations on the suspended rat with unloaded
hindlimbs and support continued use of this model.
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Title of Study

SL3-9

Objectives/Hypothesis

Morphologic and Histochemical Studies of Bone Cells from SL-3 Rats

Science Discipline

Musculoskeletal
Investigator Institute
S.B. Doty Columbia University

Co-Investigator(s) Institute

Non-weight bearing or hypogravity conditions are known to result in skeletal loss
in the long bones. The mechanism is unknown but one hypothesis suggests that
the lack of mechanical force or stress on the bone results in reduced osteoblastic
activity and thus reduced new bone formation. The objectives here were to inves-
tigate the cellular activity of the bone forming cells, the osteoblast, in animals
exposed to seven days of microgravity.

Approach or Method

none

Research Subject(s)

The osteoblasts from tibias of adult flight and control rats were studied using cyto-
chemical methods for alkaline phosphatase, acid phosphatase, and dipeptidyl
peptidase II. In addition, electron microscopy was used in combination with
morphometric techniques to measure numbers of secretory granules containing
procollagen, to count lysosomes and to measure cytoplasmic areas of osteoblasts.

Results

Rattus norvegicus (Sprague Dawley Rat)

6 Flight Male

Ground-Based Controls

6 Simulated Flight Control

Key Flight Hardware

Research Animal Holding Facility (RAHF); RAHF Rodent Cage Module

More Information

Mission p. 92-100; Publications p. 412-3; Hardware p. 540-45, 548-9

Measurements of alkaline and acid phosphatase, Golgi activity, secretory granule
size, and lysosomal activity, all indicated very little difference between flight and
flight-simulated controls. However, there was a tendency for osteoblasts in com-
pact bone of flight animals to show a smaller cytoplasmic volume compared to
non-flight controls. Thus the “processing” of protein (including procollagen) in
these osteoblasts, especially the dipeptidase cleavage activity, may be operating
normally but within a smaller cytoplasmic volume, and this normal proteolytic
activity within a smaller volume could result in more rapid intracellular protein
degradation, including procollagen, and thus less collagen secretion. This, in
effect would result in less new bone formation. An alternative explanation
concerns the twelve-hour postflight delay before animal sacrifice. As collagen
synthesis is stimulated during cell growth, the osteoblasts could have begun to
return to normal function in this period. With a longer recovery time one pre-
sumes that a return to normal cell size would also have occurred.
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Title of Study

SL3-10

Objectives/Hypothesis

Osteocalcin as an Indicator of Bone Metabolism During Spaceflight

Science Discipline

Musculoskeletal

Investigator Institute

P. Patterson-Buckendahl University of California, San Francisco

Co-Investigator(s) Institute

The early changes in bone metabolism that precede the documented decrease in
bone formation witnessed in previous Cosmos {flights are not understood. A pri-
mary defect in osteoblast rather that osteoclast function is suggested by bone histo-
morphometry measurements and kinetic studies with stable calcium isotopes in
young animals. Osteocalcin, a noncollagenous bone protein synthesized by the
osteoblast, has been suggested as a good biochemical marker for bone turnover or
bone formation. This study was to determine if microgravity affects either the
bone content or circulating levels of osteocalcin.

Approach or Method

Grindeland, R. NASA-Ames Research Center

Martin, R. University of California, Davis
Cann, C. University of California, San Francisco
Arnaud, S. NASA-Ames Research Center

Research Subject(s)

Blood was obtained from all animals at sacrifice and analyzed for Ca, P, total
protein, and alkaline phosphatase. The humeri from flight and control rats were
tested for breaking strength in three-point bending using an Instron materials
testing machine. The load was applied to the medial surface at midshaft halfway
between the outer supports, which were 17 mm apart beneath the posterior aspect
of the bone. The deformation rate was 1 mm per minute; load deformation curves
were analyzed for ultimate load and deformation, work to ultimate load, and ini-
tial stiffness. Third lumbar vertebrae were ground to a fine powder in a liquid
nitrogen mill, and osteocalcin was extracted from 1 mg portions of bone powder.
Because bone and serum osteocalcin in rats are age dependent, flight values were
compared to both actual and estimated control values in order to compensate for
the age difference between the two groups of rats.

Results

Rattus norvegicus (Sprague Dawley Rat)

12 Flight Male

Ground-Based Controls

12 Simulated Flight Control; 12 Preflight Control

Key Flight Hardware

Research Animal Holding Facility (RAHF); RAHF Rodent Cage Module

More Information

Mission p. 92-100; Publications p. 413; Hardware p. 540-45, 548-9

Vertebral osteocalcin content was decreased in flight animal relative to controls,
as were humeral breaking strength and serum osteocalcin levels, even after
adjustment for age-related changes. The bone osteocalcin decrement was greater
than the decrement in bone mass, indicating that osteocalcin per unit bone mass
was reduced. The normal inverse relationship between serum and bone osteo-
calcin was disrupted in the flight rats, whose serum content was much lower. If
the source of serum osteocalcin is new synthesis by the bone cells, then these
decreased levels are likely to represent decreased osteoblast activity associated
with reduced skeletal growth during space flight. Although a dose dependent
steroid induced decrease in serum osteocalcin has been reported, this does not
appear to be a factor here since serum corticosterone was the same in all groups
and unrelated to serum osteocalcin. While the function of osteocalcin may not
yet be known, it appears to be a most sensitive indicator of the early effects of
space flight on metabolism.
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Title of Study

SL3-11

Objectives/Hypothesis

Responses of Amino Acids in Hindlimb Muscles to Recovery from
Hypogravity and Unloading by Tail-Cast Suspension

Science Discipline

Musculoskeletal

Investigator Institute

M.E. Tischler University of Arizona

Co-Investigator(s) Institute

Previous work has shown that certain amino acids undergo marked changes in the
soleus muscle in response to unloading by tail-cast hindlimb suspension. In light
of the many changes in muscle amino acids in response to decreased use through
unloading, it seemed important to make similar measurements in muscles sub-
jected to unloading by hypogravity. The effect of microgravity on the amino acid
response in muscle tissue in rats was investigated and the use of the suspension
model as a substitute for hypogravity was evaluated.

Approach or Method

Henriksen, E.
Jacob, S.
Cook, P.

University of Arizona
University of Arizona
University of Arizona

Research Subject(s)

Amino acids were assayed in muscles from rats exposed to seven days of hypo-
gravity (space flight) and twelve hours of gravity or six days of suspension with or
without twelve hours of loading. Soleus muscles were weighed and slices homo-
genized in cold perchloric acid (15-20 mg muscle/ml acid). After centrifugation to
remove the protein precipitate, the supernatant solution was removed and neutral-
ized to pH 6.5-7.5. Fluorometric analysis of glutamine, glutamate, aspartate, and
malate were completed within three days of sample preparation.

Results

Rattus norvegicus (Sprague Dawley Rat)

6 Flight Male

Ground-Based Controls

6 Simulated Flight Control; 10 Tail-Suspended; 10 Tail-Suspended with 12
Hours Loading (sacrifice delay control)

Key Flight Hardware

Research Animal Holding Facility (RAHF); RAHF Rodent Cage Module

More Information

Mission p. 92-100; Publications p. 413; Hardware p. 540-45, 548-9

Despite the twelve hours of exposure to normal gravity following the seven days in
space, amino acids in muscles of SL-3 rats showed some similarities to those of
suspended rats. Since aspartate recovered in unloaded soleus but apparently not in
soleus of flown rats, it is conceivable that the additional stress to these animals of
landing and transcontinental flight, may have preserved their catabolic state to
some extent. However, the ability to synthesize glutamine (i.e., ammonia is
produced) may have returned to near normal while the capacity to synthesize
glutamine is clearly increased presumably due to glucocorticoid (i.e., response to
stress) effects on synthetase. Although it is unfortunate that the flight animals
were not sacrificed immediately postflight, the data do support the possibility that
the suspension model may mimic the effects of weightlessness.

Appendix I: Experiment Descriptions
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Title of Study

SL3-12

Objectives/Hypothesis

Muscle Protein and Glycogen Responses to Recovery from Hypogravity
and Unloading by Tail-Cast Suspension

Science Discipline

Musculoskeletal

Investigator Institute

E.]. Henriksen University of Arizona

Co-Investigator(s) Institute

Previous studies in this lab using the tail-cast hindlimb suspension model have
shown that there are specific changes in protein and carbohydrate metabolism in
the soleus muscle as a response to unloading. Also, fresh tissue tyrosine and its
in vitro release from the muscle are increased in the unloaded soleus, indicating
that this condition causes a more negative protein balance. This study was to
investigate the effect of microgravity and suspension on protein and carbohydrate
metabolism in a number of rat hindlimb muscles.

Approach or Method

Tischler, M. University of Arizona
Jacob, S. University of Arizona
Cook, P. University of Arizona

Research Subject(s)

Amino acids were assayed in muscles from rats exposed to seven days of micro-
gravity and twelve hours of gravity immediately postflight, and rats exposed six
days of suspension with and without twelve hours of loading. Overall changes in
body weight, and changes in mass, protein, tyrosine, and glycogen in the hindlimb
muscles were compared in SL-3 and ground control rats. Sliced muscles were
placed in KOH for glycogen determination or cold perchloric acid for homogen-
ization. Glucose was assayed enzymatically. Homogenates were then separated
by centrifuge; protein was assayed spectrophotometrically; and the supernatant
was analyzed fluorometrically for tyrosine and other amino acids.

Results

Rattus norvegicus (Sprague Dawley Rat)

6 Flight Male

Ground-Based Controls

6 Simulated Flight Control; 10 Tail-Suspended; 10 Tail-Suspended with 12
Hours Loading (sacrifice delay control)

Key Flight Hardware

Research Animal Holding Facility (RAHF); RAHF Rodent Cage Module

More Information

Mission p. 92-100; Publications p. 413-4; Hardware p. 540-45, 548-9

Flight and ground control rats grew similarly, while unloaded suspension rats grew
slower than loaded suspension rats. In flight, unloaded and loaded suspension rats,
the soleus atrophied and the gastrocnemius, plantaris and extensor digitorum lon-
gus showed reduced growth. The tibialis anterior showed little response. Changes
in mass and protein content correlated in these muscles. Muscles from the flight
animals showed dramatic increases in glycogen, the soleus being most responsive.
Tail-suspension rats without loading showed a greater glycogen concentration in
the soleus only, with an even greater value in the loaded, tail-suspension soleus.
Only in flight soleus was tyrosine greater than the control, suggesting a more neg-
ative muscle protein balance. In this study, recovery from suspension decreased
soleus tyrosine. These results suggest that the additional stress placed on the flight
rats postflight by additional transport may have prevented the soleus from showing
evidence of recovery from microgravity.
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Title of Study

SL3-13

Objectives/Hypothesis

Morphological and Biochemical Changes in Soleus and Extensor
Digitorum Longus Muscles of Rats Orbited in Spacelab 3

Science Discipline

Musculoskeletal
Investigator Institute
D.A. Riley Medical College of Wisconsin

Co-Investigator(s) Institute

Progressive skeletal muscle weakness plagues astronauts and cosmonauts during
long duration space missions. Non-invasive studies suggest simple muscle cell
shrinkage because preflight levels of strength were regained. Muscle cell loss can
be masked by compensatory hypertrophy of the surviving cells. Invasive studies
are required to assess the mechanism of muscle atrophy. This study was to inves-
tigate muscle wasting in space-flown rats.

Approach or Method

NASA-Ames Research Center
Medical College of Wisconsin

Ellis, S.
Slocum, G.R.

Research Subject(s)

Hindlimb muscles were harvested from flight and similarly caged control rats
12-16 hours postflight. Histochemical analysis was performed using established
laboratory techniques. Fiber area, density, size, and type were examined in
extensor digitorum longus (EDL) and soleus muscles. Tissues embedded in Epon
were thin sectioned and examined with an electron microscope. Mitochondrial
area % and focal areas of myofibril disruption were quantified using a computer
digitizing planimetry.

Results

Rattus norvegicus (Sprague Dawley Rat)

12 Flight Male

Ground-Based Controls

12 Simulated Flight Control

Key Flight Hardware

Research Animal Holding Facility (RAHF); RAHF Rodent Cage Module

More Information

Mission p. 92-100; Publications p. 414; Hardware p. 540-45, 548-9

Mean soleus fiber area decreased 29% while EDL fibers atrophied 23%. Most
atrophic fibers appeared to exhibit simple cell shrinkage but up to 1% of the fibers
in flight soleus muscles appeared to undergo cell death. Also present were large
round fragmented fibers possibly broken down during the postflight exposure to
terrestrial gravity (twelve hours) or during tissue processing. Both the EDL and
soleus muscles acquired fast histochemical properties. Following flight, tripepti-
dylaminopeptidase and total calcium activated protease (CAP) activities were
significantly increased by 60% and 26%, respectively; these two proteases may
function in myofibril breakdown. Elevation of CAP suggests that myofilaments
are attacked by soluble neutral proteases which gain access to the edges and inter-
iors of myofibrils. The present observations indicate that focal degradation of
myofibrils is the key process of myofibril breakdown.

Appendix I: Experiment Descriptions
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Title of Study

SL3-14

Objectives/Hypothesis

Bone Maturation in Rats Flown on the Spacelab-3 Mission

Science Discipline

Musculoskeletal

Investigator Institute

J.E. Russell Washington University School of
Medicine

Co-Investigator(s) Institute

Work on the non-weight bearing mandibles of rats flown in the Cosmos 1129
mission showed that there was a gravity component to skeletal maturation. The
alterations seen in total calcium, phosphorus and matrix hydroxyproline suggest
that microgravity interferes with the formation of the collagen fiber cross link-
ages which provide nucleation sites for bone apatite nucleation and crystal growth.
This study was to determine whether altered matrix-mineral maturational patterns
during space flight are also found in elements of the weight bearing skeleton.

Approach or Method

Simmons, D.J. Washington University

Research Subject(s)

Femurs from six flight and six control rats were obtained following flight and
fixed in ethyl alcohol. The specimens were split and the tissue dissected into
trabecular and cortical bone samples. 40 pm particles were separated by gradient
separation into four specific gravity fractions. The Ca, inorganic phosphorus, and
collagen hydroxyproline contents of each obtained fraction were determined by
techniques used previously in related research on rats.

Results

Rattus norvegicus (Sprague Dawley Rat)

6 Flight Male

Ground-Based Controls

6 Simulated Flight Control

Key Flight Hardware

Research Animal Holding Facility (RAHF); RAHF Rodent Cage Module

More Information

Mission p. 92-100; Publications p. 414; Hardware p. 540-45, 548-9

Total femoral calcium concentrations in trabecular and cortical regions were
normal for the flight animals. However, the two groups could be distinguished by
the distributional patterns of calcium within the specific-gravity fractions indicat-
ing that flight femurs are relatively more “mature” than bones from control rats,
perhaps due to a space flight associated decrease in bone turnover. The data also
demonstrate that there are significant differences in the maturational patterns of
mineral and matrix moieties. Thus, in the cortical bone, the matrix/mineral shifts
were better defined in the lower density fractions. Despite the differences, the
trends all suggest an impairment of bone growth and a relative increase in skele-
tal maturation. While the shift in the distributions of the matrix and mineral
moieties was not as pronounced as they were in the longer Cosmos 1129 mission,
data indicate that changes in skeletal biochemistry/histomorphometry begin
during the first seven days of space flight.
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Title of Study Objectives/Hypothesis

Space Lab 3: Histomorphometric Analysis of the Rat Skeleton Decreased bone formation is a potentially serious consequence of space flight.
Skylab astronauts exhibited a 4% decline in the bone mineral density of the calca-
neus after 84 days of orbital flight. Rats orbited on Cosmos biosatellites were also
characterized by loss of trabecular bone mass and decreased breaking strength of
the lumbar vertebra and femur. This study was to investigate the physiologic

Science Discipline
L effects of weightlessness on the rat skeleton, after seven-days of orbital flight

Musculoskeletal aboard the Space Shuttle.

Investigator Institute

T.J. Wronski University of Florida

Co-Investigator(s) Institute Approach or Method

Morey-Holton, E. NASA-Ames Research Center To label bone formation sites, calcein was administered to the large rats (384+

Maese, A. NASA-Ames Research Center 9.3 g at launch) nine and two days preflight, at a dose of 10 mg/kg body wt. At

Walsh. C Universitv of Florida recovery an eleven- to seventeen-hour delay occurrqd before rats were euthanized.

> y The right tibial shaft, right proximal humerus, and fourth lumbar vertebral body

were removed. Tibial cross-sections were mounted and examined using an inter-
active image analysis system, which allowed periosteal perimeter and area meas-
urements to be calculated from traces of concentric surfaces of calcein labels.
Measurements in the humerus and vertebra included trabecular bone volume (%),
osteoclast surface (%), osteoblast surface (%), numbers of osteoclasts and osteo-
blasts, and rate of longitudinal bone growth. In small rats (196+5 gm at launch),
the fourth lumbar vertebra was processed as it was for large rats, the right prox-
imal tibia was decalcified, embedded and sectioned longitudinally. The perimeter
of individual osteoblasts was measured in micrographs of the primary spongiosa.

Research Subject(s) Results

Rattus norvegicus (Sprague Dawley Rat) Trabecular bone mass was not altered during one week of weightlessness. Strong

11 Flich ) trends were observed in flight rats for decreased periosteal bone formation in the

ght Male

tibial diaphysis, reduced osteoblast size in the proximal tibia, and decreased osteo-
blast surface and number in the lumbar vertebra. Vertebral osteoblastic parame-

-B trol.
Ground-Based Controls ters were reduced by 50% in the large flight rats while the same parameters were

11 Flight Simulated relatively unchanged in small rats, a finding which may be explained by the great-
er number of osteoblast precursors in rapidly growing small rats which allowed a
Key Flight Hardware faster skeletal recovery during the eleven- to seventeen-hour postflight delay. For

the most part, results indicate that seven days of weightlessness are not sufficient
to induce histologically detectable loss of trabecular bone in rats. However, large
flight rat exhibited strong trends for an inhibition of cortical and trabecular bone
More Information formation, which are consistent with the hypothesis that the primary skeletal

Mission p. 92-100; Publications p. 415; Hardware p. 540-45, 548-9 alteration induced by space flight in growing rats is decreased bone formation.

Research Animal Holding Facility (RAHF); RAHF Rodent Cage Module
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Title of Study

SL3-16

Objectives/Hypothesis

Census of Osteoblast Precursor Cells in Periodontal Ligament (PDL) of

Spacelab-3 Rats

Science Discipline

Musculoskeletal
Investigator Institute
W.E. Roberts University of the Pacific

Co-Investigator(s)

Institute

This experiment was to examine space flight effects in the non-weightbearing
bone of the rat periodontal ligament. The objective is to determine the relative
influence of weightlessness on cell census of an osteogenic tissue. Previous flight
data have documented a compromise in preosteoblasts, but the present was the
first opportunity to evaluate postflight recovery of osteoblast differentiation.

Approach or Method

Fielder, P.J.

Rosenner, L.M.L.

Maese, A.C.
Gonslaves, M.R.

Research Subject(s)

University of the
University of the
University of the
University of the

Pacific
Pacific
Pacific
Pacific

The right mandible, ulna/radius, both sides of the maxilla, and last two thoractic
and first lumbar vertebrae were recovered from large (350 g at launch) and small
(200 g at launch) space-flown rats and comparable controls. Large rats were per-
fused in situ while bones and teeth of the smalll animals were fixed by immersion
in neutral buffered formalin. Maxillary halves were demineralized; specimens
were divided with a razor blade along the midsegittal plane of the mesial root of
the first molar; and the medial surface was embedded. First molars and surround-
ing periodontium were serially sectioned at 3 pm and stained. Nuclear length and
width were measured at 1,000x with an ocular micrometer. Nuclear volume was
calculated and fibroblastlike cells were classified: A+A” (40-79); B (80-119); C
(120-169); and D ( 170 pm®).

Results

Rattus norvegicus (Sprague-Dawley Rat)

10 Flight

Ground-Based Controls

Male

10 Flight Simulated

Key Flight Hardware

Research Animal Holding Facility (RAHF); RAHF Rodent Cage Module

More Information

Mission p. 92-100; Publications p. 415; Hardware p. 540-45, 548-9

Since the histogenesis sequence is A ~A’0 C D —osteoblast, the relative inci-
dence of A+A’ to C+D cells is an osteogenic index. An insignifcant difference
in A+A’” or C+D cells may reflect partial recovery of preosteoblast formulation
(A0 C) during the twelve-hour postflight period. Large flight rats, however,
demonstrated increased numbers of A+A’, indicating an inhibition of preosteo-
blast formation (AO C). Hence, at least with older rats, a seven-day flight is
adequate to reduce PDL osteogenic potential, suggesting an inhibition in PDL
osteoblast differentiation and/or specific attrition of C+D cells, that does not
recover by twelve hours postflight. As circadian rhythmicity is important to the
mechanism of osteoblast histogenesis, disruption of the circadian timekeeping
system in SL-3 rats may have also interfered with normal osteoblast production.
The effect of short-duration space flight on relative numbers of osteogenic cells
may be a composite response to multiple factors, including unloading, fluid shifts
and altered circadian rhythm.
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Title of Study

SL3-17

Objectives/Hypothesis

Changes in Functional Metabolism in the Rat Central Nervous System
Following Spaceflight

Science Discipline

Neuroscience
Investigator Institute
D. Murakami University of California, Davis

Co-Investigator(s) Institute

Many physiological systems are affected by the microgravity conditions of space
flight. Since these systems are directly or indirectly regulated by the nervous
system, it is important to know how central control mechanisms are affected by
weightlessness. This study was to examine the changes in the pattern of meta-
bolic activity in the brains of rats following space flight.

Approach or Method

Miller, J.
Fuller, C.

University of California, Davis
University of California, Davis

Research Subject(s)

Alternate coronal sections (40 pm) through the hypothalamus were cut on a freez-
ing microtome. One series of sections was stained with thionin and the alternate
series with cytochrome oxidase techniques to reveal the pattern and intensity of
metabolic activity. The neuronal metabolism of the paraventricular nucleus
(PVN) and supraoptic nucleus (SON) was quantified by taking the percent differ-
ence between the densitometer measurements of the particular nucleus and the
surrounding hypothalamus.

Results

Rattus norvegicus (Sprague Dawley Rat)

5 Flight Male

Ground-Based Controls

5 Simulated Flight Control

Key Flight Hardware

Research Animal Holding Facility (RAHF); RAHF Rodent Cage Module

More Information

Mission p. 92-100; Publications p. 415; Hardware p. 540-45, 548-9

Cytochrome oxidase activity and soma size within the PVN of flight rats varied
considerably depending on each rat’s drinking activity. Rats that demonstrated
normal drinking patterns exhibited decreases in neuronal metabolism within the
PVN relative to controls. Mild dehydration increased neuronal metabolism within
the PVN to levels equal to that of controls; greater dehydration caused a further
increase in metabolism and also an increase in soma size of neurons. Prelimi-
nary examination of other hypothalamic and motor system nuclei did not reveal
obvious changes in metabolic activity. If the flight rats were in a dynamic state of
body fluid redistribution, it would be important to determine whether neuronal
metabolism within the PVN and SON returns to that of ground controls once a
steady state is achieved. On the other hand, if the observed decrease (normal
drinking patterns) represents a new steady state, this might restrict the vasopressin
neuron’s range of response to any subsequent alterations in fluid homeostasis.

Appendix I: Experiment Descriptions
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Title of Study Objectives/Hypothesis
Effects of Weightlessness on Neurotransmitter Receptors in Selected A number of physiological responses to the microgravity environment have been
Brain Areas previously described. For example, temperature regulation, fluid volume and

water intake, calcium metabolism and the neuromuscular control of movement
are altered under microgravity. Such adaptations to microgravity may be medi-

Science Discipline ated by corresponding changes in brain neurotransmitter dynamics. This study

examined the effect of weightlessness on the neurotransmitter receptors in

N .
curoscience selected areas of the brain of space-flown rats.
Investigator Institute
].D. Miller University of California, Davis
Co-Investigator(s) Institute Approach or Method
McMillen, B. East Carolina University Six flight and six control rats were sacrificed and standard receptor binding assays
Murakami. D.M. University of California, Davis for receptor number and affinity were performed. Brains were dissected so that
McConnaughey, M.M. East Carolina University the hippocampus .and posterior c01.rtex area cou.ld be saved for assays, including
o . ' ' serotonin, dopamine, noradrenergic, cholinergic and GABA measurements. The
Williams, H.L. East Carolina University Mg-dependent Na*/ K* ATPase activity was determined by colorimetric assay of Pi
Fuller, C.A. University of California, Davis formed from trisATP added to cortical membranes. Group sizes varied from three
to six depending on the necessity of pooling tissues.
Research Subject(s) Results
Rattus norvegicus (Sprague Dawley Rat) Data indicate that few receptor changes occurred in the microgravity. When
6 Flicht Male receptor changes did occur, they appeared to be restricted to a particular terminal
& c field, suggesting that microgravity affected terminal mechanisms (e.g., release

and uptake) differently, rather than exerting a generalized effect on the projec-

Ground-Based Controls . : . . .
tion neuron. The increase in 5HT, receptor in the hippocampus may reflect

6 Simulated Flight Control

altered neuromodulation in this area by serotonergic neurons originating in the
raphe nuclei. As it has been suggested that one major function of the hippo-
Key Flight Hardware campus is to serve as a spatial map of the environment, perhaps the transition to

Research Animal Holding Facility (RAHF); RAHF Rodent Cage Module microgravity may necessitate major changes in any spatial map of the environ-
ment. The 5HT, receptor may play a role in such a modification. Similarly, the

. flight-associated marginal decrease in D, binding in the stratum might reflect a
More Information -

Mission p. 92-100; Publications p. 415; Hardware p. 540-45, 548-9

down-regulation induced by heightened dopaminergic activity in the nigra,
associated with novel motor activity under microgravity.
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Title of Study

SL3-19

Objectives/Hypothesis

Otoconial Morphology in Space-Flown Rats

Science Discipline

Neuroscience
Investigator Institute
M.D. Ross University of Michigan

Co-Investigator(s) Institute

Weightlessness imposes a new bias against which translational accelerations must
be judged. One question to be answered by space flight is whether gravity recep-
tors will show degenerative changes during short- or long-term exposures to
microgravity. The ultrastructural study of inner ears obtained from space-flown
rats and from age-matched, ground-based controls is a first step in attempting to
answer this question. This study was to determine whether the system adjusts to
this change in bias induced by exposure to microgravity by undergoing visible
alteration or degeneration, or more subtle adaptive processes.

Approach or Method

none

Research Subject(s)

Inner ear tissues were obtained from three rats perfused intravascularly, and inner
ears of an addition six rats were fixed. Macular tissues were prepared for ultra-
structural study. Otoconial complexes were removed during dehydration and
mounted on stubs for study in a scanning electron microscope. Approximately
half of the masses were positioned upright and the others with the underside
exposed.

Results

Rattus norvegicus (Sprague Dawley Rat)

9 Flight Male

Ground-Based Controls

9 Simulated Flight Control

Key Flight Hardware

Research Animal Holding Facility (RAHF); RAHF Rodent Cage Module

More Information

Mission p. 92-100; Publications p. 415-6; Hardware p. 540-45, 548-9

Otoconia of control and flight rats showed only normal configurations; there were
no signs of degeneration in any of the flight specimens. It seems possible that
instead of demineralization, a slight increase in otoconial mass occurred. This
may be because the loading on the receptor may be tied to the functioning of the
system—that is, to a species’ requirements for resolving translational acceler-
atory forces with respect to gravitational attraction. Species differences could
account for the fact that an increase in number of utricular otoconia occurred in
the space-flown rat, while an increase in their size was observed in a study of
space-flown amphibia. Also, in space-flown rats, tiny otoconia appeared to be
growing within organic material at the surfaces of already existing otoconia; and
in the sacculus, otoconia were achieving more rounded body surfaces than was
typical of controls. These observations suggested that in a mature system, it may
be easier to grow or spawn new otoconial substance on already existing units
rather than to produce otoconia de novo.

Appendix I: Experiment Descriptions
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Title of Study

SL3-20

Objectives/Hypothesis

Reduction of the Spermatogonial Population in Rat Testes Flown on
Spacelab 3

Science Discipline

Regulatory Physiology

Investigator Institute

D.E. Philpott NASA-Ames Research Center

Co-Investigator(s) Institute

Testes have been shown to be affected by space flight, immobilization and hyper-
gravity, and are extremely sensitive to cosmic radiation. The site of action of
these various environmental changes and the mechanisms by which they inter-
fere with both spermatogenesis and steroidogenesis requires further investigation.
This study examined the effects of space flight on spermatogonia in rat testes.

Approach or Method

Sapp, W.
Williams, C.
Stevenson, ]J.
Black, S.
Corbett, R.

Tuskegee Institute
Tuskegee Institute
NASA-Ames Research Center
Tuskegee Institute
NASA-Ames Research Center

Research Subject(s)

Following sacrifice twelve hours postflight, the testes were removed, weighed, and
immediately slit open and immersed in Triple Fix. Six blocks were produced from
each testes. All of the samples were treated with 1% osmotic acid for one hour,
dehydrated in acetone, infiltrated with Epon-Araldite, and polymerized at 60 °C.
Two-micron cross sections of the tubules were cut on a microtome, mounted on
slides, and stained. Alternate sections containing maturation stage six were used
to count the surviving spermatogonia.

Results

Rattus norvegicus (Sprague Dawley Rat)

6 Flight Male

Ground-Based Controls

7 Simulated Flight Control

Key Flight Hardware

Research Animal Holding Facility (RAHF); RAHF Rodent Cage Module

More Information

Mission p. 92-100; Publications p. 416; Hardware p. 540-45, 548-9

The average weight loss of the flight rat testes was 7.1% as compared to the con-
trols. Counts of the stage six spermatogonial cells showed a significant decrease
(7.5%) in cell population. The testes is known to be very sensitive to many envi-
ronmental factors, including radiation and stress, and dosimetry from previous
Shuttle flights indicated a dose factor of approximately 0.05 rad would occur in the
animal area. Since it would take about one rad of cosmic rays to reduce the
measured cell population by the observed amount, radiation cannot be considered
the primary cause; stress from adapting to weightlessness and the final jet flight
or other factors must also be considered. These findings need to be repeated with
accurate dosimetry to determine if radiation had any effect. Also, additional
measurements need to be made to determine the role stress has played in decreas-
ing the weight and population of spermatogonial cells.
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Title of Study

SL3-21

Objectives/Hypothesis

Biochemical and Morphological Evaluation of the Effects of Space Flight
on Rat Salivary Glands

Science Discipline

Regulatory Physiology

Investigator Institute

M.I. Mednieks National Institutes of Health

Co-Investigator(s) Institute

Studying salivary gland biochemistry and morphology in experimental animals
can yield information regarding general hormonal and environmental responses,
specific reactions affecting the oral cavity, as well as comparative aspects of
exocrine gland function. Environmental stimuli such as the action of catecho-
lamines are known to result in altered cell morphology and in changes of cyclic
AMP-dependent protein kinase (cA-PK) activity and cellular localization. In this
experiment, the biochemical and morphological changes in salivary glands of
space-flown rats were examined.

Approach or Method

Hand, A.R. National Institutes of Health

Research Subject(s)

Tissues were fixed and processed for electron microscopy. Salivary glands were
trimmed, homogenized, and separated into a soluble and particulate fraction by
centrifugation. The fractions were assayed for protein kinase activity, and photo-
affinity labeled to determine the distribution of protein kinase. A photoaffinity
probe (*P-labeled azido analog of cAMP) was used to determine the compartment-
al distribution of the R subunits in salivary gland cells.

Results

Rattus norvegicus (Sprague Dawley Rat)

6 Flight Male

Ground-Based Controls

6 Simulated Flight Control; 3 Intact Control (laboratory maintained)

Key Flight Hardware

Research Animal Holding Facility (RAHF); RAHF Rodent Cage Module

More Information

Mission p. 92-100; Publications p. 416; Hardware p. 540-45, 548-9

Several aspects of phosphorylative protein modification in rat salivary glands are
apparently influenced by space flight conditions. Endogenous protein phosphoryl-
ation was increased in the parotid and in the sublingual glands of flight animals,
while measurements of cA-PK activity using an exogenous substrate showed no
significant difference in the flight animals. An increase in photoaffinity labeling
of regulatory subunits in the parotid cell particulate fractions from flight animals
was noted when compared to controls. Changes in cA-PK holoenzyme association
and subcellular subunit distribution suggest alterations in reactions which are
mediated via cyclic AMP, observations which are consistent with the reported
decrease in circulating catecholamines during simulated weightlessness. Testing
human saliva or salivary glands after space flight may yield useful indices of
cellular reactions related to catecholamine metabolism and thus afford some
insight into possible stress-associated responses.

Appendix I: Experiment Descriptions
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Title of Study

Objectives/Hypothesis

1,25-Dihydroxyvitamin D; Receptors in Space Flown vs. Grounded Control

Rat Kidneys

Science Discipline

Regulatory Physiology

Investigator

Institute

D. Mangelsdorf

Co-Investigator(s)

University of Arizona

Institute

Under conditions of hypogravity, the skeleton undergoes a significant reduction in
bone mineralization. In a weightless environment, a quantitative or qualitative
change in receptors could effectively inhibit the normal action of 1,25-dihydroxy-
vitamin Dj to retain calcium. Kidneys from rats in control and flown animals
were studied to examine the possibility that changes in 1,25-dihydroxyvitamin D,
receptors may be responsible for inhibiting 1,25-dihydroxyvitamin Dj’s normal
ability to retain calcium in space-flown kidneys.

Approach or Method

Marion, S.
Pike, J.
Haussler, M.

Research Subject(s)

University of Arizona
University of Arizona
University of Arizona

The kidneys from five flight and five ground control animals were prepared post-
flight, flash frozen, and stored at -70°C until used. Analysis of kidney 1,25-dihyd-
roxyvitamin Dj receptors followed the hormone binding assay protocol (Scatchard
Analysis). An aliquot of cytosol was reserved for Lowry protein determination.
Remaining cytosol was then incubated in duplicate aliquots with increasing con-
centrations of tritium-labeled 1,25(0OH),Dj; in the presence or absence of hundred-
fold excess nonradioactive hormone. Specifically bound hormone was determined
by filter assay, and resultant data were plotted as a saturation curve of specific hor-
mone-receptor binding and transformed by Scatchard analysis to yield the binding
dissociation constant (K;) and receptor number (expressed as fmol receptor/mg
protein).

Results

Rattus norvegicus (Sprague Dawley Rat)

5 Flight

Ground-Based Controls

5 Simulated Flight Control

Key Flight Hardware

Research Animal Holding Facility (RAHF); RAHF Rodent Cage Module

More Information

Mission p. 92-100; Publications p. 416-7; Hardware p. 540-45, 548-9

Statistical analysis of the data demonstrate no significant qualitative or quantita-
tive difference between 1,25(0OH),D; receptors in kidneys of space-flown and
control rats. Data suggest that kidney 1,25(OH),D; receptors do not play a vital
role in regulating hypogravity-induced renal calcium excretion. Instead, results
support a view in which the kidneys are reacting normally by excreting calcium in
response to an artificially induced state of hypercalciuria. Because this condition
is mediated by increased bone demineralization, it is likely that the regulating
factor(s) are proximal to the bone itself. Another important caveat to interpreting
this data is the twelve-hour postflight time lag before animal sacrifice.
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I S 7 S-518 / Spacelab-3 SL3-23

Title of Study Objectives/Hypothesis
Hepatic Enzymes of Sphingolipid and Glycerolipid Biosynthesis in Rats Lipid metabolism is a major function of liver, which synthesizes these molecules
from Spacelab 3. for membranes, bile and lipoproteins. The activity ratio of serine palmitoyltrans-

ferase (SPT) and glycerol 3-phosphate acyltransferase (GPAT), the initial enzymes
of sphingolipid and glycerolipid synthesis, is one determinant of tissue lipid com-
position. Since changes have been observed in some of the enzymes of lipid
metabolism in livers from rats under weightless conditions aboard Cosmos, the
activities of these key enzymes, SPT and GPAT, were studied in the rats of

Science Discipline
Regulatory Physiology

. _ Spacelab-3.

Investigator Institute

A.H. Merrill Emory University School of Medicine

Co-Investigator(s) Institute Approach or Method

Wang, E. Emory University School of Medicine Microsomes from liver samples obtained from flight and control rats were assayed

Hargrove, J. Emory University School of Medicine for SPT, GPAT, and protein. The amount of sphinogomyelin (SM) in liver was
determined by extracting the phospholipids, performing thin-layer chroma-
tography, and quantifying the phosphate in SM. Liver and body weights were
considered in the analysis of hepatic metabolism.

Research Subject(s) Results

Rattus norvegicus (Sprague Dawley Rat) SPT activities of flight rats were significantly lower (approximately half) than

6 Flight Male controls, whereas GPAT activities were not significantly different, nor were liver

and body weights, nor weight change during the experiment. Microsomal protein
for flight rats was 33% lower than controls, and there were no differences ob-

: g served in SM content. This may indicate that the major effects of altering the

6 Simulated Flight Control rate of long-chain base synthesis will be found in glycolipids, or that SM levels
require longer to come to a new equilibrium, since this phospholipid is generally
thought to have a slow turnover rate. These findings of specific changes in
hepatic SM metabolism with space flight, though, suggest adjustments of cellular
membranes to zero gravity. The observed decrease in flight SPT may reflect
cellular adjustments to microgravity, or yet unknown hormone changes that affect
More Information this pathway.

Mission p. 92-100; Publications p. 417; Hardware p. 540-45, 548-9

Ground-Based Controls

Key Flight Hardware
Research Animal Holding Facility (RAHF); RAHF Rodent Cage Modules
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I S/ S-51B / Spacelab-3

Title of Study

SL3-24

Objectives/Hypothesis

Hepatic Enzyme Adaption in Rats after Spaceflight

Science Discipline

Regulatory Physiology

Investigator Institute

J.L. Hargrove Emory University School of Medicine

Co-Investigator(s) Institute

Metabolic breakdown of pharmaceutical agents, nutrients, and many hormones
begins in the liver, and the numerous hepatic enzymes that regulate these cata-
bolic functions respond adaptively to environmental and biochemical changes.
The ability to adapt to microgravity during prolonged space flight requires bio-
chemical adjustments that follow changes such as increased secretion of adrenal
hormones. This study was to determine whether hepatic enzyme concentrations
change during space flight.

Approach or Method

Jones, D. Emory University School of Medicine

Research Subject(s)

Livers removed from flight and control animals postflight were minced, homo-
genized and centrifuged. The supernatant was removed and samples were re-
centrifuged to prepare microsomes and cytosols. Enzymes were determined by
standard spectrophotometric techniques, and glycogen was determined by the
anthrone reaction.

Results

Rattus norvegicus (Sprague Dawley Rat)

6 Flight Male

Ground-Based Controls

6 Simulated Flight Control

Key Flight Hardware

Research Animal Holding Facility (RAHF); RAHF Rodent Cage Module

More Information

Mission p. 92-100; Publications p. 417; Hardware p. 540-45, 548-9

There was a twenty-fold greater glycogen content in livers of animals after space-
flight than in ground controls, although the enzymatic basis for this change was
not explored. The microsomal protein, cytochrome P-450, was reduced in the
flight tissue (obtained twelve hours after the Shuttle landed). The assay used
measures all forms of this enzyme; therefore, study should be extended to exa-
mine which forms are altered and the possible metabolic consequences thereof.
Glutathione S-transferase, tyrosine aminotransferase, and cytochrome b5 were not
statistically different in the two groups. To learn whether these biochemical
changes affect drug and nutrient metabolism, and influence changes observed in
other tissues, will be of both scientific and practical value.
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I S/ S-51B / Spacelab-3

Title of Study

SL3-25

Objectives/Hypothesis

Plasma Renin Concentrations of Rats Orbited for 7 Days Aboard NASA
Spacelab 3

Science Discipline

Regulatory Physiology

Investigator Institute

D.K. Hartle Emory University School of Medicine

Co-Investigator(s) Institute

There are several cardiovascular, hormonal and neural mechanisms regulating
renin secretion that may be significantly affected by the physiological adaptations
to the stresses of space flight and microgravity. The renin-angiotensin-aldoster-
one system defends the extracellular fluid compartment and blood pressure by
promoting positive sodium balance and enhancing vasoconstrictor tone. Atriopep-
tin IIT augments shifts in extracellular fluid and may cause contraction of the
extracellular fluid compartment by promoting diuresis and natriuresis. This study
attempted to detect an alteration in renin secretion in space-flown rats.

Approach or Method

Inge, W. Emory University School of Medicine

Research Subject(s)

Plasma samples were obtained after centrifugation of trunk blood collected at
sacrifice of six flight and six ground control rats. A follow-up experiment with a
group of sixteen rats was performed to test whether halothane anesthesia or the
decapitation procedure affected renin release in either the flight or control rats.
Plasma Renin Concentrations (PRC) were estimated by measuring the conversion
of rat renin substrate to angiotensin I using radioimmunoassay.

Results

Rattus norvegicus (Sprague Dawley Rat)

6 Flight Male

Ground-Based Controls

6 Simulated Flight Control; 16 Laboratory Control (anesthesia control)

Key Flight Hardware

Research Animal Holding Facility (RAHF); RAHF Rodent Cage Module

More Information

Mission p. 92-100; Publications p. 417; Hardware p. 540-45, 548-9

No significant differences were found in PRC between flight and control animals,
although the flight mean was lower. Neither halothane anesthesia nor decapita-
tion produced a significant increase in PRC above the levels measured in consci-
ous control rats. Due to the twelve-hour delay between re-entry and sampling, all
renin measured was probably secreted in the postflight period, so the PRC of flight
rats do not indicate levels during flight, but only the levels obtained by flight ani-
mals during the twelve-hour recovery period. In summary, it was predicted that
under conditions of microgravity, the tonic secretion of atriopeptin III may cause
contraction of the extracellular fluid compartment by its diuretic and natriuretic
actions. In addition, through its ability to inhibit renin secretion and interfere with
the stimulation of aldosterone secretion, atriopeptin IIT may concomitantly de-
press the opposing influences of the renin-angiotensin-aldosterone that defend the
extracellular fluid compartment.

Appendix I: Experiment Descriptions
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I S/ S-51B / Spacelab-3

Title of Study

SL3-26

Objectives/Hypothesis

Hematologic Parameters of Astrorats flown on Spacelab-3

Science Discipline

Regulatory Physiology

Investigator Institute

R.D. Lange University of Tennessee

Co-Investigator(s) Institute

Astronauts have experienced a mild anemia following space flight. Examining
the hematologic status of rats similarly exposed to altered gravity conditions may
provide insight into the source of this anemia. The object of this study was to
determine the effects of microgravity on several hematologic parameters in rats
flown on Spacelab-3.

Approach or Method

Andrews, R. University of Tennessee
Gibson, L. University of Tennessee
Wright, P. University of Tennessee
Jones, J.B. University of Tennessee

Research Subject(s)

Basic hematologic parameters were obtained by the usual laboratory methods.
Parameters included hematocrit, blood cell counts, erythropoietin determination
and bone marrow and spleen differential counts. Erythroid colonies were exam-
ined and counted on days three, five, six, seven and eight. Only days three and
six were reported. Logistically, it was not possible to perform isotope studies to
determine red cell mass and plasma volume.

Results

Rattus norvegicus (Sprague Dawley Rat)

12 Flight Male

Ground-Based Controls

12 Simulated Flight Control

Key Flight Hardware

Research Animal Holding Facility (RAHF); RAHF Rodent Cage Module

More Information

Mission p. 92-100; Publications p. 418; Hardware p. 540-45, 548-9

The small flight animals demonstrated a significant increase in hematocrits, red
blood cell counts, hemoglobins and peripheral blood percentages of neutrophils as
well as a decrease in percentage of lymphocytes. Erythropoietin determinations
were similar for the two groups as were the bone marrow and spleen differential
counts. In vitro clonal assays demonstrated an increased erythroid colony form-
ation of flight animal bone marrow cells at Epo doses of 0.02 and 1.0 U/ml but not
at 0.20 U/ml. The changes in red cell parameters could be caused by a decrease
in plasma volume. Isotopic studies, not possible in this study, would confirm this
hypothesis by enabling determinations of red cell mass and plasma volumes.
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I S/ S-51B / Spacelab-3

Title of Study

SL3-27

Objectives/Hypothesis

Microgravity Associated Changes in Pituitary Growth Hormone (GH) Cells
Prepared from Rats Flown on Spacelab 3

Science Discipline

Regulatory Physiology

Investigator Institute

W. Hymer Pennsylvania State University

Co-Investigator(s) Institute

Preliminary results from a rat pituitary cell culture experiment flown on STS-8
indicated that subsequent release of growth hormone (GH) from these cells at unit
gravity might be impaired relative to that from ground-based control cells. Since
GH exerts control over metabolic activities and macromolecule biosynthesis in a
number of target tissues, impaired GH cell function in microgravity could con-
ceivably participate in atrophy of those targets.

Approach or Method

NASA-Ames Research Center
Pennsylvania State University

Grindeland, R.
Farrington, M.

Fast, T. NASA-Ames Research Center
Hayes, C. Pennsylvania State University
Motter, K. Pennsylvania State University
Patil, L. Pennsylvania State University

Research Subject(s)

Pituitary glands were dissociated into single cell suspensions with viabilities
greater than 95%. GH cell function in somatotrophs prepared from pituitary
glands of rats exposed to microgravity were compared with those from correspond-
ing controls. Somatotroph numbers were determined by flow cytometric immuno-
fluorescence. Western blot analysis of alkaline (pH 8) cell extracts or culture
media was done by electrophoresis followed by staining for GH variants by
enzyme-linked immunoassay. For culture, 2.5x10° cells/well were maintained for
six days with an intervening medium change on the third day. GH was assayed by
RIA or 3T3 cell bioassay. For determination of GH cell function in vivo, cells
were implanted into the lateral ventricles of 100 g rats using the hollow fiber
encapsulation procedure. After sixteen days, tibial plates of recipients were
measured to provide an index of long bone growth resulting from the implanta-
tion.

Results

Rattus norvegicus (Sprague Dawley Rat)

12 Flight Male

Ground-Based Controls

12 Simulated Flight Control

Key Flight Hardware

Research Animal Holding Facility (RAHF); RAHF Rodent Cage Module

More Information

Mission p. 92-100; Publications p. 418; Hardware p. 540-45, 548-9

Pituitary growth hormone cells from glands of rats flown on SL-3 contained two to
three times more intracellular hormone than controls, but released significantly
less GH in subsequent in vitro and in vivo tests. After implantation into hypophy-
sectomized rats, cells from both sizes of flight rats released ~50% as much GH
relative to those from the control group. These diminished GH secretory patterns
cannot be attributed simply to changes in variant forms of the GH molecule(s),
though, since Western blot profiles in both intracellular and secreted GH revealed
only minor differences in concentration and number of GH variants. Since the
balance between somatostatin and GH releasing hormone presumably regulates
hormone secretion in vivo, it is possible that microgravity alters their ratio to bring
about high intracellular GH levels and lower release rates. As encapsulated cells
were in an environment where they were exposed to hypothalamic regulatory
peptides, one could also suggest that experimental cells were less sensitive to these
peptides as a result of microgravity.

Appendix I: Experiment Descriptions
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I S/ S-51B / Spacelab-3

Title of Study

SL3-28

Objectives/Hypothesis

Homeostasis and Biological Rhythms in the Rat During Spaceflight

Science Discipline

Regulatory Physiology

Investigator Institute

C.A. Fuller University of California, Davis

Co-Investigator(s) Institute

Homeostatic regulation of various physiological and behavioral systems may be
altered as a function of the ambient gravitational environment of the organism.
Changes in homeostasis have been observed in these and other systems as a result
of chronic exposure to a hyperdynamic environment induced by centrifugation.
Life science research capabilities are now being extended into the realm of the
hypodynamic environment by research capabilities aboard spacecraft. This study
examined the regulation of body temperature and heart rate in rats with biotele-
metry implants.

Approach or Method

none

Research Subject(s)

Four rats were implanted preflight with a biotelemetry transmitter capable of
sensing and transmitting information on heart rate and deep body temperature.
The telemetry data from the animals was monitored during the period which
Spacelab was activated (approximately from eight hours after launch to six hours
prior to re-entry). The average 24-hour waveforms of body temperature in pre-
flight and flight conditions were examined. Four ground control animals were
similarly implanted and monitored.

Results

Rattus norvegicus (Sprague Dawley Rat)

4 Flight (BTS implanted) Male

Ground-Based Controls

4 Simulated Flight Control (BTS implanted)

Key Flight Hardware

Research Animal Holding Facility (RAHF); RAHF Rodent Cage Module;
Biotelemetry System (BTS)

More Information

Mission p. 92-100; Publications p. 419; Hardware p. 466-7, 540-45, 548-9

Microgravity altered the steady state regulation of heart rate and body tempera-
ture. During the preflight conditions the animals demonstrated no net change in
phase relationship, with the mean period 23.9 + 0.2 over the course of the pre-
flight study, while inflight, the phase of all the animals consistently delayed such
that the average period of the temperature rhythm inflight was 24.4 + 0.3 hours.
A longer flight will be necessary to identify whether or not the animals are free-
running with a period independent 24-hours or rather simply showing an internal
phase angle shift which had not reached a steady state during the seven-day flight.
Heart rate phase rhythm was stable in both conditions, with a mean period of 23.9
+ 0.2 in either. The heart rate itsell was, however, depressed inflight, the possible
result of a reduced load on the cardiovascular system in space or a resetting of
some other component within this regulatory system. Data suggest that normal
expression of the circadian timing system is extensively modified in microgravity.
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I S/ S-51B / Spacelab-3

Title of Study

SL3-29

Objectives/Hypothesis

Early Adaptation to Altered Gravitational Environments in the Squirrel
Monkey

Science Discipline

Regulatory Physiology

Investigator Institute

C.A. Fuller University of California, Davis

Co-Investigator(s) Institute

Behavioral observations from the few non-human primates that have been flown
to date indicate that primates are susceptible to symptoms resembling space adap-
tation syndrome (SAS) experienced by astronauts. The etiology and underlying
mechanisms of SAS are not currently understood. Many ground-based tests for
SAS sensitivity examine various vestibular reflex sensitivities using acute phasic
stimuli. However, the microgravity of space flight is a tonic stimulus which is
maintained at relatively constant levels. This study compared ingestive response
in microgravity with ingestive responses to an artificially induced tonic gravita-
tional stimulus on Earth.

Approach or Method

none

Research Subject(s)

The feeding behavior of two squirrel monkeys flown in Spacelab-3 was compared
to that of six animals exposed to 1.5 g via centrifugation for a similar period of
time. The feeding, drinking and activity levels of the animals were continuously
recorded for the duration of the mission. Postflight analyses of the animals
consisted of behavioral observations without recording of any physiological data.

Results

Saimiri sciureus (Bolivian Squirrel Monkey)

2 Flight Monkeys Male

Ground-Based Controls

6 Centrifuged (1.5 g) Control Monkeys; Stationary Control Monkeys

Key Flight Hardware

Research Animal Holding Facility (RAHF); RAHF Primate Cage Module

More Information

Mission p. 92-100; Publications p. 419; Hardware p. 540-45, 546-7

In both groups of animals, the influence of an altered dynamic environment was
variable on the feeding behavior of the individual monkeys. The kinetics of the
animal’s recovery show inhibition in feeding primarily during the active period
when the lights are on. This results in a reduction of both the mean and amp-
litude of the feeding rhythm. Recovery of all animals is virtually completely
accomplished within 96 hours. Whether this is truly a SAS occurring in either
group of squirrel monkeys remains to be determined. Some of the centrifuged
animals and one flight monkey showed a series of symptoms similar to those
observed in space flight crews: animals were lethargic and reticent to move about
the cage; they adopted a sleep posture and showed very little reactivity when
moved. These are conditions crew members often equate with maximum relief of
SAS symptoms. Thus, the responses to steady-state changes in the ambient gravi-
tational environment may be similar for both hyper- and hypodynamic (micro-

gravity) fields.

Appendix I: Experiment Descriptions
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I S 7 S-51F / Spacelab-2 SL2-1

Title of Study Objectives/Hypothesis

Gravity-Induced Lignification in Higher Plants The appearance of lignin in higher plants coincides with development of a terres-
trial vertical growth habit and is generally considered to be the critical structural
polymer needed for upright growth against gravity. In view of this evolutionary
coincidence it has been postulated that lignin deposition is mediated by gravity.

Science Discipline The purpose of this investigation was to determine the effects of microgravity

Plant Biology upon the production of lignin in higher plants.

Investigator Institute

J.R. Cowles University of Houston

Co-Investigator(s) Institute Approach or Method

Lemay, R. University of Houston Two miniature greenhouses, called plant growth units (PGUs), containing four-day

Jahns, G. University of Houston and ten-day old pine seedlings, mung bean seeds, and oat seeds, were flown as part
of the Spacelab-2 payload. The growth chambers were sealed and the atmosphere
of each chamber was exchanged with gas mixtures containing known amounts of
oxygen and carbon dioxide. During flight, temperature and lamp status data were
monitored from a control panel. Three times a day, crew members checked the
temperatures inside the growth chambers; twice a day, gas samples and photo-
graphs were taken. After landing, the seedlings were photographed and meas-
ured, and subsequently they were sectioned and analyzed for lignin content and
related enzyme activities. An identical group of plants were later grown as ground
controls, utilizing the temperatures and gas measurements obtained inflight

Research Subject(s) Results

Pinus elliotti Engelm (Pine Seedlings) The lignin content of flight seedling was significantly reduced in all three plant

Vigna radiata (L.) Wilezek (Mung Bean), Avena sativa L. cv. (Oat) species in comparison to controls. In the youngest pine seedlings (four days old at

launch, twelve days old at harvest), lignin content of flight seedlings averaged
13% less than controls. In the oldest pine seedlings (ten days old at launch,
Ground-Based Controls eighteen days old at harvest), lignin content of flight seedlings was 8% less than

controls. Lignin content in flight mung beans and oats averaged 24% and 23%
less than controls, respectively. In all cases, the difference in lignin content was
statistically significant at least at the 0.01% level. This reduction in lignin in all
Key Flight Hardware three species grown in microgravity provides direct evidence that gravity is an

Synchronous Mung Beans, Oat, and Pine Seedlings

Plant Growth Unit [PGU] important parameter in lignification.

More Information
Mission p. 101-3; Publications p. 419; Hardware p. 506-7
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I S 7 S-8 / Student Shuttle Involvement Program SSIP-8

Title of Study

Objectives/Hypothesis

Animal Enclosure Module Inflight Test

Science Discipline

Animal Maintenance

Investigator Institute

D.J. Weber Hunter College High School, New York

[Student Investigator]

Co-Investigator(s) Institute

The Animal Enclosure Module (AEM) was developed for a SSIP experiment
flown on STS-41B. The purpose of this study was to test the ability of the AEM to
maintain healthy rats in space with no dangers to crew safety, as this was the first
time a cage of animals was flown in the crew compartment of the Shuttle. The
major safety concerns involved microbial, particulate, and odor contamination of
the crew atmosphere.

Approach or Method

Holton, E.R. [Science Advisor] NASA-Ames Research Center
Smith, M.C. [Science Advisor] NASA-Johnson Space Center

LeBlanc, A. NASA-Johnson Space Center
Johnson, P.C. NASA-Johnson Space Center
Corporate Sponsors

Kessler, T. General Dynamics
Crenshaw, J. General Dynamics

Larson, D. Pfizer, Inc.

Research Subject(s)

The AEM was successfully flown for the first time with six Specific Pathogen
Free (SPF) male albino rats of the Lewis Wistar strain (the standard rodent re-
search subject), 56 days old and an average of 275 grams at launch. Contamina-
tion was to be avoided by the use of germ-free (SPF) rats, microbial filters on the
intake and exhaust areas of the AEM, and airtight seals around certain areas of
the AEM. A control group of three rats was maintained on the ground for com-
parative purposes.

Results

Rattus norvegicus (Wistar Rat)
6 Flight Male

Ground-Based Controls

3 Ground Controls

Key Flight Hardware

Animal Enclosure Module (AEM)

More Information

Mission p. 112-5; Publications p. 408; Hardware p. 460-61

All six rats were healthy at the end of the flight. The flight rats consumed less
food and did not gain weight at the expected rates, compared to the ground con-
trols. This was due to the AEM food delivery system in which food was attached
to the cage slides, while ground control cages had a more conventional food sys-
tem. The water supply of half the flight rats was depleted before the end of the
mission, and the water supply for the rest of the rats was nearly gone. As a result,
minor changes in AEM food and water systems were recommended. In addition,
it was determined that the air flow rate through the AEM needed to be increased
in order to improve the removal of the cage waste products.

Appendix I: Experiment Descriptions
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I S 7 S-10(41B) / Student Shuttle Involvement Program SSIP-10

Title of Study

Objectives/Hypothesis

Effects of Weightlessness on Arthritis

Science Discipline

Musculoskeletal
Investigator Institute
D.]. Weber Hunter College High School, New York

[Student Investigator]

Co-Investigator(s) Institute

This experiment was to study the effects of hypogravity on the course of adjuvant-
induced arthritis and to further evaluate the Animal Enclosure Module (AEM) for
housing rats in Shuttle experiments. It was hypothesized that arthritis symptoms
may be alleviated in microgravity, as was indicated in ground-based experiments
simulating weightlessness with hindlimb unloading.

Approach or Method

Holton, E.R. [Science Advisor] NASA-Ames Research Center
Smith, M.C. [Science Advisor] NASA-Johnson Space Center
Corporate Sponsors

Kessler, T. General Dynamics
Huston, G. General Dynamics
Larson, D. Pfizer, Inc.
Otterness, 1. Pfizer, Inc.

Research Subject(s)

The AEM was flown with three healthy rats and three arthritic rats. Arthritis was
induced in the animals by the injection of Freund’s adjuvant into the hind paws.
Ground control groups included a total of six healthy and six arthritic rats. All rats
were germ-free (gnotobiotic). Food and water consumption and body weight data
were recorded for all animals. Postflight autopsies of the rats, including histologic
and radiologic tests, were performed to determine if weightlessness had a thera-
peutic effect on adjuvant arthritis.

Results

Rattus norvegicus (Wistar Rat)
6 Flight (3 Healthy, 3 Inoculated)

Ground-Based Controls

6 Basal, 6 Tail-Suspension, 6 Environmental Control

Key Flight Hardware

Animal Enclosure Module (AEM)

More Information

Mission p. 112-5; Publications p. 408-9; Hardware p. 460-61

Space flight did not inhibit the development of adjuvant arthritis compared to
ground controls; no significant differences were observed in the degree of swell-
ing in the injected hind paws. The spread of arthritis, though, was observed to be
less extensive in flight rats compared with prior ground-based studies, indicating
some possible beneficial effects of weightlessness. The results may have been
affected because re-entry occurred while the systemic stage of the disease was still
developing. Further studies are required to fully understand the effects of gravity
on arthritis. Healthy (uninjected) flight rats consumed more food during the
flight and weighed more at the end of the mission than comparable ground con-
trols. The AEM was able to successfully maintain all rats during space flight.
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I S 7 S-29 / Student Shuttle Involvement Program SSIP-29

Title of Study

Objectives/Hypothesis

The Effects of Weightlessness in Spaceflight on the Healing of Bones

Science Discipline

This experiment was designed to study the effects of space on changes in bone
growth and repair. The experiment was originally flown on STS-51L, the Space
Shuttle Challenger, which was tragically lost 73 seconds into flight as a result of a
fuel leak. The re-manifested experiment extended previous objectives by compar-
ing the effects of the gravity and microgravity environments on bone healing,
with addition of the tail-suspension model to the ground controls. The tail-suspen-

Musculoskeletal sion model allowed the aspect of weight-bearing to be differentiated from other
) _ gravity effects by elevating the rear legs of the animal during the control experi-

Investigator Institute ment, and hence removing the animal’s weight from the bones to be examined.

Al Fras Binghamton Central High School, New

[Student Investigator] York

Co-Investigator(s) Institute Approach or Method

Fisher, H. [Teacher Advisor] Binghamton Central High School
Holton, E.R. [Science Advisor] NASA-Ames Research Center
Smith, M.C. [Science Advisor] NASA-Johnson Space Center
Corporate Sponsor

Marshall, G. [Science Advisor] Orthopedic Hospital, Los Angeles

Kirchen, M.E. Orthopedic Hospital, Los Angeles
O’Connor, K.M. Orthopedic Hospital, Los Angeles
Sweeney, J.R. Orthopedic Hospital, Los Angeles
Kessler, T. General Dynamics
Huston, G. General Dynamics

Research Subject(s)

Weight-bearing, suspended, and microgravity (flight) environments were used to
study fracture repair. The five-day flight allowed the comparison of early stages
of callus formation using histologic criteria. Seven-month-old rats underwent a
right midshaft fibular osteotomies. A bone saw and 0.8 mm bur were used in per-
forming the osteotomies. The time of suspension was equal to the time inflight,
and postflight all groups were euthanized simultaneously. Histologic examination
of the fracture was performed on the injured fibula from each rat.

Results

Rattus norvegicus (Wistar Rat)
4 Injured Flight Rats Male

Ground-Based Controls

4 Injured Suspended Rats; 4 Injured

Key Flight Hardware

Animal Enclosure Module (AEM)

More Information

Mission p. 112-5; Publications p. 420; Hardware p. 460-61

In each of the three groups, a callus had formed. Angiogenesis (AG), primitive
mesenchymal cell (PMC) ingrowth, chondrogenesis and periosteal new bone
characterized the calluses from weight-bearing bones. Calluses from the sus-
pended group were not as well developed, in that AG, PMCs and cartilage cells
were dominant; there was no new bone in the calluses or periostea. Fracture
healing in the flight group was the least well developed: predominant features
were AG and PMC ingrowth; chondrogenesis and periosteal activity were mini-
mal; and there was no new bone formation. Comparing all three environments,
it was concluded that weight-bearing has a positive effect on callus formation,
while the suspended and weightless environments delay bone fracture healing.
This delay indicates the need for investigation of the physiological parameters
that contribute to the process of fracture healing in these environments.

Appendix I: Experiment Descriptions
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I S 7 S-34 / Growth Hormone Concentration & Distribution GHCD-1

Title of Study

Objectives/Hypothesis

Effects of Microgravity on Growth Hormone Concentration and
Distribution in Plants

Science Discipline

Plant Biology

The absence of a well defined neuronal system in plants should simplify the detec-
tion of gravity effects at the cellular and molecular level. Plants grown in micro-
gravity may be used to detect the adaptations that have occurred during growth in
Earth gravity, allowing the potential isolation of the genes which control the
plant’s responses and structures produced because of gravity. This experiment was
to study the effect of gravity on the concentration and distribution of the plant
growth hormone, indole-3-acetic acid (IAA or auxin), as a possible indicator of
microgravity effects on plant growth.

Approach or Method

Investigator Institute

R.S. Bandurski Michigan State University
Co-Investigator(s) Institute

Schulze, A. Michigan State University
Jensen, P.J. Michigan State University
Desrosiers, M. Michigan State University
Buta, J.G. U.S. Department of Agriculture

Research Subject(s)

Zea mays seeds (soaked) were maintained in special filter paper inside Plant Can-
isters, in total darkness throughout mission. After four days of flight, two of the
four canisters were be placed inside gaseous nitrogen freezers to arrest growth and
preserve IAA inside the plant. The two remaining canisters remained untouched
for postflight analysis of continued growth. Postflight, measurements were made
of the fresh weight, dry weight, dry/fresh weight ratio, free and conjugated IAA,
and free and conjugated weight of asorbic acid. The IAA assays employed TAA
labeled in the benzenoid ring with six atoms of '"C.

Results

Zea mays (corn seeds)
104 Flight (52 frozen inflight)

Ground-Based Controls

104 Flight Backup (Synchronous)

Key Flight Hardware

Plant Canister; Passive Freezer; Temperature Recording
System-Modification 1 (ATR-4)

More Information

Mission p. 104-5; Publications p. 420; Hardware p. 500-501, 504-5, 554-5

Postflight examination revealed 100% germination and extensive growth. The
plant material had an abnormal growth pattern. Tissues of flight plants appeared
normal and seedlings differed only in the lack of orientation of roots and shoots.
In many cases, the roots and coleoptiles (shoots) grew in parallel, or the shoots
were twisted and appeared knotted. Many adventitious roots were produced along
the primary root below the seed. Weights and hormone content of flight seed-
lings, with minor exceptions, did not statistically differ from seedlings grown in
similar conditions on the ground. No serious chemical perturbations appear to
have occurred in the seedlings during 5.5 days of growth in microgravity. It was
concluded that results suggest that the major problem of growing plants in space
may lie in providing a substitute vector for orientation of the growth of plant roots
in space.
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I S 7 S-32 / Characterization of Circadian Rhythm CNCR-1

Title of Study

Objectives/Hypothesis

Characterization of Neurospora crassa Circadian Rhythms in Space

Science Discipline

Immunology/Microbiology

This experiment was to examine the circadian rhythm of Neurospora crassa asex-
ual spore production (conidiation) in the microgravity environment. The objective
was to validate results from a previous experiment conducted on STS-9, which
suggested an apparent arrhythmicity of 25%. In that experiment, arrhythmicity
was reversed by an inflight procedure on day seven, in which cultures were ex-
posed to light and accelerative forces via handling. Rhythmicity was restored and
continued throughout the flight, suggesting an endogenous generation. This study
was to determine if the biological clock is endogenous to an organism and not

Investigator Institute merely driven by external cues.

]J.S. Ferraro Southern Illinois University

Co-Investigator(s) Institute Approach or Method

none Cultures were grown in constant light and then transferred to the dark to initiate

Research Subject(s)

expression of the conidiation rhythm; two strains were utilized, bd (used in STS-9)
and csp. Cultures remained in the dark for the duration of the experiment, ex-
cluding inflight marking procedures. The crew marked the fungus growth fronts
in the Race Tubes while exposing them to light according to different protocols,
utilizing markings at ten hours, and six, nine, and ten days. Measurements of
light levels in the middeck area and gas samples within the race tubes were taken
on day one to quantify CO, or other gas levels which may impact circadian per-
iods. Postflight analysis included assessments of growth rate, morphology, and
period rhythmicity based on examination of culture band amplitudes with respect
to markings.

Results

NeUfOSpora crassa
50 Flight Cultures

Ground-Based Controls

Flight Backup Cultures (Synchronous); Humidity Control; Environmental
Controls

Key Flight Hardware

Race Tube Packages; Temperature Recording System-Modification 1
(ATR-4)

More Information

Mission p. 106-8; Publications p. 420; Hardware p. 522-3, 554-5

Circadian rhythm of conidiation was shown to persist in space and was found to be
substantially more robust than that found earlier on the STS-9 experiment. There
was a significant increase in the free-running period in space. The increase in
period length resulting from space flight was eliminated after exposure to the first
white light pulse. Growth rate was significantly increased by exposure to space;
however, there was no increase in the variability in the growth rate as previously
reported; warmer middeck temperatures may have contributed to this increase.
Morphological examinations revealed an apparent increase in the aeial hyphae
and possibly a denser growth in space. Results demonstrated that the rhythm
persisted in space with minor fluctuations in amplitude and period, suggesting the
presence of an endogenously driven circadian oscillator that is modified by
environmental factors, including to a minor extent, gravity.

Appendix I: Experiment Descriptions

255



I S 7 S-41 / Physiological Systems Experiment PSE-1

Title of Study

Objectives/Hypothesis

Physiological Systems Experiment

Science Discipline

Musculoskeletal & Immunology/Microbiology

Investigator

Institute

M. Cronin

Co-Investigator(s)

Genentech, Inc.

Institute

The objective of this experiment was to test the hypothesis that a growth-hormone
(GH) deficiency occurs during space flight and that this deficiency contributes to
the bone loss and decreased tissue function observed following microgravity expo-
sure. It was expected that replacement with recombinant GH inflight, in combi-
nation with adequate nutrition and exercise, would halt the process of bone and
tissue degeneration. As the first commercially sponsored life science payload, the
experiment was to investigate whether biological changes caused by microgravity
were similar enough to Earth-based medical conditions to facilitate pharmacolog-
ical evaluation of potential new therapies. Other objectives included evaluation of
muscle and immune function, which are known to be affected/regulated by GH.

Approach or Method

Hymer, W.
Grindeland, R.
Mastro, A.
Nash, P.
Tidball, J.
Quan, D.
Battersby, J.
Hancock, W.
Schwall, R.
Clark, R.

Research Subject(s)

Pennsylvania State University
NASA-Ames Research Center
Pennsylvania State University
Pennsylvania State University

The experiment included sixteen flight rats, eight of which received the recom-
binant growth hormone which Genentech, Inc. had developed. Specially designed
osmotic pumps were implanted in rats to deliver the GH to the animals in micro-
gravity. The remaining eight rats did not receive the experimental treatment and
provided a standard of comparison. Postflight analyses conducted by Genentech,
Inc. included some 2,500 biological and physiological measurements, ranging
from simple weight measurements to highly sophisticated analyses of their propri-
etary protein. Additional studies were conducted by investigators from the Center
for Cell Research, at Pennsylvania State University.

Results

Rattus norvegicus (Wistar Rat)
8 Flight; 8 Flight Protein-Treated

Ground-Based Controls

Male

8 Flight Simulated; 8 Flight Simulated Protein-Treated

Key Flight Hardware

Animal Enclosure Module (AEM); Osmotic Minipumps (Genentech, Inc.)

More Information

Mission p. 109-11; Publications p.

421; Hardware p. 460-61

Not available at time of publication (property of Genentech, Inc.).
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Cosmos Program Experiments

Mission

Cosmos
Cosmos
Cosmos
Cosmos
Cosmos
Cosmos
Cosmos

Lists of experiments by discipline and reference number can be found in

Page number

T82 e 259
9306 i 277
L1129 285
IS4 oo 304
L1867 o 309
1887 e 310
2044 ... 343

the mission profiles in Section 4, Programs, Missions and Payloads.

Profile

Cosmos
Cosmos
Cosmos
Cosmos
Cosmos
Cosmos
Cosmos

Page number

T82 o 126
O30 e 133
1129 oo 139
1504 145
1667 oo 153
L1887 e 156
2044 ..o 162
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N Cosmos 782 / Bion 3 Cc782-1

Title of Study

Objectives/Hypothesis

Effects of Weightlessness on the Embryonic Development and Aging of
Drosophila

Science Discipline

Cell/Developmental Biology

All living organisms have evolved under the influence of Earth’s gravity, and,
therefore, it is generally assumed that gravity has played a role in shaping struc-
ture and function. Previous laboratory work has documented that the aging
process of Drosophila is strikingly sensitive to altered environments, such as
temperature changes and rotation in a clinostat. This study focuses on the aging
process of fruit flies which developed and spent their first days of life in space.

Investigator Institute

J. Miquel NASA-Ames Research Center

Co-Investigator(s) Institute Approach or Method

Philpott, D.E. NASA-Ames Research Center The experimental Drosophila population was exposed to weightlessness, while an

Lundgren, P.R. NASA-Ames Research Center equal number of flies housed in a centrifuge at approximately 1 g served as in-

Binnard, R. NASA-Ames Research Center ﬂ%ght contltols: 'Synchr()ngus and vivarium groups served as ground controls. All
flies were individually weighed in a Cahn electric balance. Other parameters

Turnbill, C.E. NASA-Ames Research Center

Research Subject(s)

included: vitality, as expressed by negative geotaxis and mating; external morphol-
ogy and age-associated degenerative changes, as demonstrated by gross photo-
graphy and scanning electron microscopy; glycogen content of the thorax to
estimate muscle energy reserve; and life span.

Results

Drosophila melanogaster (Fruit Fly)
201 Flight, 188 Flight Centrifuged Male/Female

Ground-Based Controls

98 Synchronous, 91 Laboratory

Key Flight Hardware

Cosmos 782 Russian Hardware Suite

More Information

Mission p. 126-32; Publications p. 421; Hardware p. 455-6

Apparently, the development of Drosophila was insensitive to weightlessness and
the aging processes were not influenced, except for a slight reduction in the
amount of lipofuscin present in the midgut and Malpighian tubules, the tubular
glands of excretory function. The only detrimental effect seemed to be a decrease
in the negative geotaxis and mating. It is likely that this decreased mating ability
(almost half in both flight groups) was the result of injury to the wing structures
(which play a crucial role in Drosophila mating), as the consequence of acceler-
ation or other flight stresses unrelated to weightlessness. Otherwise, the weight-
less flies were identical to controls in all parameters investigated.
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I Cosmos 782 / Bion 3 Cc782-2

Title of Study

Objectives/Hypothesis

Killifish Development in Zero-G on Cosmos 782

Science Discipline

Cell/Developmental Biology

The Fundulus embryogenesis experiment was the third in a series of experiments
to assess the possible effects of the space environment upon developing organ-
isms. On the Skylab-3 and Apollo Soyuz missions, juvenile fish initially exhibited
obvious disorientation reactions (swimming rapidly in loops and circles), but over a
period of several days in orbit, they gradually adapted to weightlessness and to
dependence on visual cues, while space-hatched fry exhibited no disorientation.
The major refinement in this experiment is the use of a 1 g control centrifuge.

Investigator Institute

J.R. Keefe University of Louisville

Co-Investigator(s) Institute Approach or Method

Scheld, H.W. University of Houston Experimental treatment groups of 500 embryos were comprised of groups of 100
Boyd, |.F. Northrop Services, Inc. eggs from the each of the five nominal developmental stages. Specimens were
Fuller, P.M. University of Louisville kept in Polyethylene bags each containing fifty embryos of a given age and 23 ml

Oppenheimer, J.M. Bryn Mawr College

Research Subject(s)

sterile filtered 21% Instant Ocean. Treatments included flight stationary, an on-
board 1 g centrifuge, and various ground control experiments. The primary data
yielded by the experiment was in the form of fixed material for light and electron
microscopic analysis, focusing on the vestibular and other sensory regions. Light
orientation, rotating striped drum, and geotaxis tests were employed postflight.

Results

Fundulus heteroclitus (Killifish)
500 Flight, 500 Centrifuged Eggs

Ground-Based Controls

500 “Dish”, 500 Synchronous, 500 Rotated, 500 U.S. Control Eggs

Key Flight Hardware

Cosmos 782 Russian Hardware Suite

More Information

Mission p. 126-32; Publications p. 421; Hardware p. 455-6

Postflight testing of procedures and materials indicates that the probable cause of
the high incidence of anomalous development lies in the tape used to label the
plastic bags. All morphologically normal hatchlings though, exhibited a typical
fright-diving response and there were no apparent differences among treatments
with respect to the diving response. Likewise, behavioral testing ascertained that
development in weightlessness of Fundulus, from the earliest exposure achievable,
has no radical effect upon the vestibular function. Microscopic observations indi-
cated a generally better health in flight animals, with the possible exceptions of
those aspects of development in which gravity is required as a cue for establish-
ment of polarity or as a reference stimulus for sensory development.

260

Life into Space



I CO0smos 782 / Bion 3 C782-3.1

Title of Study

Objectives/Hypothesis

Effect of Spaceflight on Cell-Mediated Immunity

Science Discipline

Immunology/Microbiology

It has been demonstrated that cell-mediated immune reactions in mammals are
thymus-dependent, and that thymus-derived or thymus-dependent lymphocytes
(T-cells) are responsible for the reactions of cellular immunity. Rats flown in
Cosmos 605 have shown changes in the size of thymus and spleen, suggesting that
space flight might have a noticeable effect on the cellular aspect of immune
responsiveness. This study examined the effect of space flight on cell-mediated
immunity by examining rats infected with Listeria monocytogen.

Investigator Institute

A.D. Mandel NASA-Ames Research Center

Co-Investigator(s) Institute Approach or Method

Balish, E. University of Wisconsin Both flight and control groups were immunized with 10° formalin-killed Listeria

Research Subject(s)

suspended in Freund’s Complete Adjuvant five days prior to flight. Following
recovery, lymphocyte cultures were prepared from spleens of all rats, and cultured
in vitro in the presence of Listeria antigens, phytohemagglutinin, concanavalin A,
and purified protein derivative (PPD) and measured for their uptake of *H-thymi-
dine. The uptake of *H-thymidine by the lymphocytes of immunized flight rats in
the presence of specific antigen, was compared with those of immunized ground
controls. A Student’s T test was used to assess the significance of the data.

Results

Rattus norvegicus (Wistar Rat)
6 Flight Male

Ground-Based Controls

6 Vivarium, 6 Synchronous

Key Flight Hardware

Cosmos 782 Russian Hardware Suite

More Information

Mission p. 126-32; Publications p. 422; Hardware p. 455-6

The lymphocytes of all rats gave a blastogenic response to phytohemagglutinin
and concanavalin A. Although individual rats varied considerably, all flight and
immunized control rats gave a blastogenic response to the Listeria antigens and
PPD. With several mitogens the lymphocytes of flight rats showed a significantly
increased response over the controls. If indeed the increased immune response to
PPD in space can be confirmed, it suggests a practical application of the space
environment for immunotherapy of tumors. Thus, the data do not support a
hypothesis of detrimental effect of space flight on cell-mediated immunity, even
suggesting an opposite effect.
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I CO0smos 782 / Bion 3 C782-3.2

Title of Study

Objectives/Hypothesis

Results of Histological Examination of Inguinal Lymph Nodes:
Supplementary Report

Science Discipline

Immunology/Microbiology

This study examined the effect of space flight on cell-mediated immunity by ex-
amining the inguinal lymph nodes of rats infected with a formalin killed culture
of Listeria monocytogenes suspended in Complete Freund’s Adjuvant prior to
flight. Supplementing a larger study, this experiment attempts to obtain more
information on how weightlessness affects cells responsible for the development
of a specific immunity.

Investigator Institute

L.M. Kraft NASA-Ames Research Center

Co-Investigator(s) Institute Approach or Method

none Inguinal lymph nodes of all rats were received in neutral 10% formalin. They

Research Subject(s)

were processed for paraffin embedding, and sections 6 pm thick were stained with
hematoxylin and eosin, pyronin-methyl green, and picrofuchsin. Six of the rats
were from the vivarium control group (normal laboratory conditions), six were of
the synchronous control group (simulated flight), and six were of the flight group.

Results

Rattus norvegicus (Wistar Rat)
6 Flight Male

Ground-Based Controls

6 Vivarium, 6 Synchronous

Key Flight Hardware

Cosmos 782 Russian Hardware Suite

More Information

Mission p. 126-32; Publications p. 422; Hardware p. 455-6

The most outstanding differences between the flight and ground control groups
were: 1) marked, widespread depletion of lymphocytes resulting in much larger
pale zones than in controls and 2) the occurrence of numerous foci of pyknotic
and necrotic cells together with variable amounts of dust-like debris. The striking
increase in the number of necrotic cells, together with evidence of phagocytosis
of some cellular debris, is thought to be due to the multitude of stressful conditions
of prolonged space flight. Precisely how the increased destruction of lymphoid
cells fits with other experimental results must remain an open question for future
studies.

262

Life into Space



N Cosmos 782 / Bion 3 C782-4.1

Title of Study

Objectives/Hypothesis

Histological Studies on the Tibial Bone of Rats in the 1975 Cosmos 782
Flight: 1. Endochondral Osteogenesis; Medullary Bone Turnover

Science Discipline

This experiment concerns the histological evaluation of endochondral ontogenesis
in rats subjected to weightlessness in Earth-orbit for nineteen days. Balances
between cartilage formation and resorption, and medullary bone formation and
resorption were analyzed in the proximal segment of the tibia.

Musculoskeletal

Investigator Institute

C.W. Asling University of California, San Francisco

Co-Investigator(s) Institute Approach or Method

none Tibial lengths, appearance of the proximal tibial epiphysis and metaphysis, and

Research Subject(s)

measurements of the bony spongiosa in the latter, were determined for flight rats
and compared to ground controls. Fixated samples were stained with hematoxylin
and eosin, and Mallory’s triple stain (aniline blue, orange G, and acid fuchsin),
and studied histologically. Measurements were made whenever possible to provide
quantitative support for the qualitative histological evaluations.

Results

Rattus norvegicus (Wistar Rat)
6 Flight Male

Ground-Based Controls

6 Vivarium, 6 Synchronous

Key Flight Hardware

Cosmos 782 Russian Hardware Suite

More Information

Mission p. 126-32; Publications p. 422; Hardware p. 455-6

Growth retardation was not marked, falling between a negligible level and 25%.
Bone formation was slightly impaired in synchronous controls, and to an apprecia-
bly greater extent in flight animals. Bone resorption was moderately accelerated
in synchronous controls, markedly more so in the flight animals, to an extent
under which virtually all preflight medullary bone was removed and in addition a
substantial fraction (1/4 -1/2) of that formed during flight was also resorbed.
Although the results suggest that disuse atrophy and other restrictions during the
experiment account for part of the imbalance, the condition of weightlessness
added a considerable further imbalance.
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I CO0smos 782 / Bion 3 C782-4.2

Title of Study

Objectives/Hypothesis

Histological Studies on the Tibial Bone of Rats in the 1975 Cosmos 782
Flight: II. Micrographic Study of the Cortical Bone

Science Discipline

Conceivably, a decrease in the mineral content of a bone (as in hypogravity),
could result from a shift in the balance of internal remodeling, in which a smaller
proportion of osteons would be of the older, high mineral density types, and a
larger proportion of the recently formed and less mineralized type. Based on this
hypothesis, a study of rat cortical bone has been made by microradiography, on
sample tibia from rats subjected to prolonged weightlessness.

Musculoskeletal

Investigator Institute

C.W. Asling University of California, San Francisco

Co-Investigator(s) Institute Approach or Method

none Thin-ground transverse sections of the tibial cortex, embedded in polystyrene

Research Subject(s)

plastic, were microradiographed in contact with high resolution spectrographic
film. The resulting films were examined microscopically, and output from a
photomultiplier tube was used to represent mineral densities, judged radiograph-
ically, from morphometric principles determined from mathematical bases.
Resolving power of the system was such that while the lacunae of individual
osteocytes were not recognized as “porosity,” all but the smallest channels in the
bone specimen were thus recognized.

Results

Rattus norvegicus (Wistar Rat)
4 Flight

Ground-Based Controls

Male

6 Vivarium, 5 Synchronous

Key Flight Hardware

Cosmos 782 Russian Hardware Suite

More Information

Mission p. 126-32; Publications p. 422; Hardware p. 455-6

Results indicate that ranges of mineral densities of vivarium controls in three-
month-old animals were in accord with findings on human juvenile bone. The
synchronous controls showed increased porosity and a shift in mineral balance
toward a larger proportion showing low mineral content, suggesting increased
resorption. In the flight animals, lower levels of porosity, as compared to con-
trols, and the tendency toward a uniform distribution of mineral values, suggest a
sampling error. It is also possible that with the prolonged period between sacrifice
and bone fixation, the products of marrow cytolysis may have redistributed miner-
al contents of adjacent bone so as to obscure any real difference which may have
existed.
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N Cosmos 782 / Bion 3 C782-5

Title of Study

Objectives/Hypothesis

Mineralization in Teeth and Jaws, as Judged Radiographically, in the Rats
of the Cosmos 782 Experiment

Science Discipline

This study presents data on the mineralization of the teeth in rats subjected to
prolonged space flight. Although the pitfalls inherent in quantitative radiologic
studies were kept in mind, there was an advantage in knowing the resorption in
the spongy bone and the ambiguous result on dense bone in the same animals.
Special efforts were made to standardize the regions of tooth structure measured,
in the hope that masses of tissue in low experimental reactivity might not obscure

loskeletal
Musculoskeleta more highly reactive sites.
Investigator Institute
I. Savostin-Asling University of California, San Francisco
Co-Investigator(s) Institute Approach or Method
Asling, C.W. University of California, San Francisco Heads were divided sagittally and x-rayed. Optical densities were measured on the
Ellis. S. NASA-Ames Research Center films with a densitometer calibrated in American Standard Diffuse Density units.

Research Subject(s)

Limitations were principally: 1) that readings would be taken at some reasonable
distance from the apex (region of tooth formation) to reach the mineralized band
of structure and 2) that readings would not be over the tip of the tooth since the
greatest part of the tooth was in fact closed in thin bone. While the density
readings followed a logarithmic scale, the light transmission values were on an
arithmetic percentage scale.

Results

Rattus norvegicus (Wistar Rat)
6 Flight Male

Ground-Based Controls

6 Vivarium, 6 Synchronous

Key Flight Hardware

Cosmos 782 Russian Hardware Suite

More Information

Mission p. 126-32; Publications p. 422; Hardware p. 455-6

Although enamel values in the flight animals, both at recovery and 25 days post-
flight, seemed lower than controls, the difference was not significant. Other
findings suggest a small amount of mineral loss may have occurred during the
experimental period. Mineral repletion was not observed during the recovery
period. The thin bone of the mandibular body was slightly reduced in both syn-
chronous and flight rats, but rose to the level of vivarium controls after the
recovery period. Changes of similar direction were found in the heavy bone
underlying the molar teeth, suggesting that the stimulus of chewing was reduced
in these groups, with restoration of a firmer diet during the recovery period
increasing masticatory activity and improving bone structure.
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I CO0smos 782 / Bion 3 C782-6

Title of Study

Objectives/Hypothesis

Quantitative Analysis of Selected Bone Parameters

Science Discipline

If bones are formed in relation to gravitational stresses, one would anticipate that
prolonged recumbency and/or prolonged weightlessness would be associated with
hypercalciuria, bone demineralization, and osteoporosis. To better understand the
effect of space flight on bone, parameters including formation and mineraliza-
tion, resorption, length, density and pore size distribution, and bone mechanical
properties were studied in rats both immediately postflight and at 25 days post-

Musculoskeletal flight.

Investigator Institute

E.R. Morey-Holton NASA-Ames Research Center

Co-Investigator(s) Institute Approach or Method

Baylink, D.J. VA Hospital, Seattle Bone density and pore size distribution were measured by mercury porosimetry in

Research Subject(s)

the left humerus, while humerus mechanical properties were evaluated with a
standard torsion test machine. Bone formation, mineralization, and resorption
rates were determined by quantitative histological techniques using the left tibia,
while osteoblastic and osteoclastic cell populations were determined from the
right. Length measurements were made with calipers, and correlation, regres-
sion, and covariance analyses were made by means of computer programs based
on standard statistical methods.

Results

Rattus norvegicus (Wistar Rat)
12 Flight Male

Ground-Based Controls

12 Vivarium, 12 Synchronous

Key Flight Hardware

Cosmos 782 Russian Hardware Suite

More Information

Mission p. 126-32; Publications p. 422; Hardware p. 455-6

Space flight had little effect on the bone porosity parameters measured, while the
flight and synchronous animals (compared to viarium controls) did show a signifi-
cant decrease in bone density immediately postflight. The most striking effects
were those on bone formation; all parameters investigated in the flight animals
immediately after flight were significantly decreased from both vivarium and
synchronous controls. An arrest line was found at both the endosteum and the
periosteum of flight animals suggesting that a complete cessation of bone growth
occurred during the flight. By 25 days postflight, flight animals showed a signifi-
cant increase in formation, suggesting that a rebound in bone formation had
occurred following flight.
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I, C O0Ssmos 782 / Bion 3

Title of Study

cr82-7

Objectives/Hypothesis

The Morphogenetic Responses of Cultured Totipotent Cells of Carrot at
Zero Gravity

Science Discipline

Plant Biology

Investigator Institute

F.C. Steward State University of New York

Co-Investigator(s) Institute

Free cultured carrot cells can develop like zygotic embryos and can initiate the
complex growing regions that produce organs (shoots and roots) independently of
the normal environment of the fertilized egg. The principal objective of this
experiment was to test whether cells of a higher plant, such as the carrot, could
develop normally under space flight conditions and emulate their known ability on
Earth to multiply and develop, forming organs, embryoids, and normal plantlets.

Approach or Method

Krikorian, A.D. State University of New York

Research Subject(s)

Carrot cells pregrown in liquid suspension cultures were carried in petri dishes
encased in special flight canisters and exposed to weightless conditions and rota-
tion in an onboard 1 g centrifuge. The petri dishes contained actively growing
cultured cells, all of which were, by filtration through graded sieves, less than 74
pm in size; these cells were distributed in thin layers in an agar culture medium
which allowed them to grow heterotrophically in darkness. Postflight, representa-
tive samples of different developmental stages were obtained for photography and
microscopic examination, and compared to similarly treated ground controls.

Results

Daucus carota (Carrot)
54 ml Flight, 54 ml Centrifuged Cultured Cells

Ground-Based Controls

216 ml Laboratory, 216 ml Laboratory Centrifuged, 54 ml Synchronous, 54
ml Centrifuged Cultured Cells

Key Flight Hardware

Carrot Tissue Containers: Embryoid Container; Cosmos 782 Russian
Hardware Suite

More Information

Mission p. 126-32; Publications p. 423; Hardware p. 455-6, 476-7

The treatments did not produce significantly different proportions of embryos at
the various stages of development into which they were classified. Where embry-
os were larger, their increased size or complexity was in the length of a primary
root and in the development of hypocotyls. Shoot development, however, tended
to be arrested. Nevertheless, the leaf primordia and shoot apices had become
sufficiently established in both flight groups; so when the embryos were exposed to
normal earth gravity and to light, their shoots developed rapidly into plantlets.

The results seem to indicate that totipotent somatic cells can undergo morpho-
genesis to produce viable and fully competent embryos in space, apparently as
effectively as on Earth.
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N Cosmos 782 / Bion 3 C782-8.1

Title of Study

Objectives/Hypothesis

Response of Crown Gall Tissue to the Space Environment: Tumor
Development and Anatomy

Science Discipline

Plant Biology

The crown system has been suggested as a model to study the long-term effects of
weightlessness on biological systems. Earlier studies show that tumors induced by
inoculating cut surfaces of carrot disks with bacterium cells were significantly
larger when gravity compensated on clinostats than those developed at 1 g. This
study compared tumors developed in the space environment with Earth-based
controls.

Investigator Institute

R. Baker Colorado State University

Co-Investigator(s) Institute Approach or Method

Baker, B.L. Colorado State University Carrots were cross-sectioned and placed aseptically in flight canisters. The upper
Elliot, L. Colorado State University surfaces of the sections were inoculated with bacterial suspensions (1 x10° cells/

Research Subject(s)

ml) of Agrobacterium tumefaciens The inoculated disks in the canisters were in-
cubated at 25°C for 72 hours to allow initiation of tumors. Canisters were exposed
to the weightless conditions of the space environment and to the effects of the
on-board centrifuge. Synchronous controls were maintained at both NASA-Ames
and in the USSR. Tumors were excised from frozen tissue, weighed, and histo-
logically examined.

Results

Daucus carota (Carrot) inoculated w/Agrobacterium tumefaciens
12 Flight Disks; 12 Flight Centrifuged

Ground-Based Controls

Synchronous; Synchronous Centrifuged

Key Flight Hardware

Carrot Tissue Containers: Tumor Growth Container I

More Information

Mission p. 126-32; Publications p. 423; Hardware p. 476-7

Larger (statistically significant) crown gall tumors developed on flight-centrifuged
disks than on those exposed only to microgravity. The reaction was opposite to
that predicted from previous Earth-based gravity (non)compensated experiments.
It is possible that more disks in the weightless treatment were nonresponsive to
generation of galls than those on the centrifuge, but plots of individual tumor
weights from each disk appear to eliminate this possibility. An increase in radius
of the meristemic rings of growth centers in these teratoma type galls was
observed, however, for tissues generated in the weightless (flight) and gravity-
compensated (ground) conditions. In this respect, results obtained using a clinostat
were similar to those observed in tissues developed in microgravity.
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I CO0smos 782 / Bion 3 Ccr782-8.2

Title of Study

Objectives/Hypothesis

Response of Crown Gall Tissue to the Space Environment: Residual
Carbohydrates in Supporting Tissue

Science Discipline

Plant Biology

A previous study had shown that plant tissue which is gravity compensated on a
clinostat has a greater rate of respiration than similar tissue exposed to the normal
gravitational environment. This experiment attempts to determine whether this
response also occurs in weightlessness. Since it would not be possible to study gas
exchange under such conditions, this study instead examines the depletion of
carbohydrate reserve as a possible measure of respiration.

Investigator Institute

J.E. Hendrix Colorado State University

Co-Investigator(s) Institute Approach or Method

Baker, B.L. Colorado State University Amounts of amylose, sucrose, and glucose were determined in crown gall tissue in

Research Subject(s)

flight and flight-centrifuged (at 1 g) disks, and in comparable control disks. Upon
return of flight material, frozen disks and control non-flight disks were lyophil-
ized. Each dried disk was macerated using a mortar and a pestle. From each
disc, two samples (approximately 50 mg) of known size were suspended in 80%
ethanol, centrifuged, and tested for the appropriate carbohydrates. It should be
noted that this study was initiated late in the program as an effort to study differ-
ences in respiration and to use all material that was flown.

Results

Daucus carota (Carrot) inoculated w/Agrobacterium tumefaciens
12 Flight Disks; 12 Flight Centrifuged

Ground-Based Controls

Synchronous; Synchronous Centrifuged; Vertical Rotated; Vertical
Stationary; Horizontal Rotated; Horizontal Stationary

Key Flight Hardware

Carrot Tissue Containers: Tumor Growth Container I

More Information

Mission p. 126-32; Publications p. 423; Hardware p. 476-7

Both amylose and sucrose decreased in concentration while in the flight environ-
ment; however, there was a marked increase in the concentration of glucose.
There was no detectable difference between the tissue subjected to the weightless
or the flight centrifuged conditions. Since cells of plant tissues must remain
turgid to remain healthy, they must adjust their osmotic potential in the face of
environmental water stress. The data suggest that water stress was the overriding
environmental factor inducing these tissue pieces to increase the proportion of
small molecules in their cells, thus permitting them to obtain water, or retain
water within their environment.

Appendix I: Experiment Descriptions
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Title of Study

C782-8.3

Objectives/Hypothesis

Response of Crown Gall Tissue to the Space Environment: Glutamine
Synthetase Activity

Science Discipline

Plant Biology

Investigator Institute

S.J. Kleinschuster Colorado State University

Co-Investigator(s) Institute

In plants, glutamine synthetase (GS) is the enzyme associated with seeds and
relatively undifferentiated embryonic activity. It was of interest, therefore, to
determine if the specific activity of this enzyme would be affected by gravity
compensation or weightlessness in crown gall tumor tissue. The data obtained
would serve as an indicator not only of the comparative differences between
normal and pathological material, but also whether gravity-compensation is
comparable to weightlessness.

Approach or Method

Mahon, K. Colorado State University

Research Subject(s)

Upper sections of carrots were cross-sectioned and inoculated with bacterial sus-
pensions (1 x 10° cells/ml) of Agrobacterium tumefaciens Upon arrival, flight, and
similarly treated control material, were weighed, frozen, lyophilized, and stored at
-20 °C until assayed. Assays for GS specific activity depended on the gamma-
glutamyl-transferase properties of the enzyme and were performed by a sodium
arsenate modification of the D. Rudnick et al. method. The specific activity was
calculated as the number of micromoles of gamma-glutamyl-hydroxymate pro-
duced per hour, per mg protein.

Results

Daucus carota (Carrot) inoculated w/Agrobacterium tumefaciens
12 Flight Disks; 12 Flight Centrifuged

Ground-Based Controls

Synchronous; Synchronous Centrifuged; Vertical Rotated; Vertical
Stationary; Horizontal Rotated; Horizontal Stationary; CSU Controls

Key Flight Hardware

Carrot Tissue Containers: Tumor Growth Container I

More Information

Mission p. 126-32; Publications p. 423; Hardware p. 476-7

There was a 100% difference in GS specific activity between the flight-weightless
and flight-centrifuged material. At no time did the specific activity of the flight
material or ground controls approach the activity of normal carrot tissue, and in
all cases the activity of the rotated flight material was much lower than stationary
controls. While the reasons for these differences are not apparent, a lack of
cellular differentiation or hyperplasia of the cambial zone appears to be a charac-
teristic of compensated tumors. GS activity could be expected to be a metabolic
participant in neoplasmic activity. The data also indicate that gravity-compen-
sation and true weightlessness, with respect to GS activity, are largely comparable.
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Title of Study

C782-8.4

Objectives/Hypothesis

Responses to Crown Gall Tissue to the Space Environment: Isozyme
Patterns

Science Discipline

Plant Biology

Investigator Institute

P. Hanchey Colorado State University

Co-Investigator(s) Institute

Clinostats have been used to simulate conditions of zero gravity. Carrot crown
gall tumors were reportedly larger with respect to both fresh and dry weights when
grown under gravity-compensated (horizontally rotated) conditions on a clinostat.
It has also been shown that such tumors display a peroxidase zymogram which
differs from that of vertically rotated or stationary controls. This experiment
compares peroxidase zymograms between tumor tissue grown in space and that
grown on land-based clinostats.

Approach or Method

none

Research Subject(s)

Carrots were cross-sectioned and placed aseptically, using gnotobiotic techniques,
in flight canisters. The upper surfaces of the sections were inoculated with Agro-
bacterium tumefaciens The following treatments were studied: 1) flight weightless
and flight centrifuged (to simulate 1 g) and 2) ground controls clinostat-horizon-
tally rotated (gravity compensated) and horizontal stationary. Peroxidase isozymes
were visualized with benzidine. Sufficient material was available for only one
extraction and three separate electrophoretic runs. As the results were not iden-
tical on each run, an “average summary” was presented.

Results

Daucus carota (Carrot) inoculated w/Agrobacterium tumefaciens
12 Flight Disks; 12 Flight Centrifuged

Ground-Based Controls

Synchronous; Synchronous Centrifuged; Vertical Rotated; Vertical
Stationary; Horizontal Rotated; Horizontal Stationary; CSU Controls

Key Flight Hardware

Carrot Tissue Containers: Tumor Growth Container I

More Information

Mission p. 126-32; Publications p. 423-4; Hardware p. 476-7

Only five major bands of peroxidase isozymes were detected in the study, the
activity of each band dependent upon the conditions under which the tumors were
grown. Both the flight weightless tissue and the clinostat gravity-compensated
tissue had a band at the third position which stained intensely. The two treat-
ments were not identical, however, as the gravity-compensated material also
contained an isoenzyme with intense activity at position one. The results show
both a clear similarity and a clear difference between true weightless and sim-
ulated weightless treatments, with similar results apparent between the flight
centrifuged and horizontal stationary groups.

Appendix I: Experiment Descriptions
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I Cosmos 782 / Bion 3 C782-9

Title of Study

Objectives/Hypothesis

HZE-Particle Dosimetry

Science Discipline

Radiation/Environmental Health

This experiment was designed to measure the high-LET particle radiation aboard
the Cosmos satellite. One of the specific objectives of this experiment was to
determine the number of heavy particles with charge of Z 20 stopping in a one
cubic centimeter volume. This information was necessary in order to assess the
feasibility of performing U.S. experiments concerning heavy particle track
effects in rodent brains aboard future U.S.S.R. Cosmos satellite flights.

Investigator Institute

E.V. Benton University of San Francisco

Co-Investigator(s) Institute Approach or Method

Peterson, D.D. University of San Francisco Measurement of the high-LET particle radiation was made with plastic nuclear
Tran. M. University of San Francisco track detectors. These plastics, cellulose nitrate (CN) and Lexan polycarbonate,

Research Subject(s)

can detect a minimum LET value of ~100 keV/pm tissue. Thin detectors meas-
ured high-LET particle flux and integral LET spectrum, while a thick detector
stack measured the charge spectrum. Scanning and measurement of tracks in
plastic films was done with high-resolution optical microscopes. For analysis,
measurement of particle LET and change in LET with range were sufficient,
along with calibration data, to determine particle atomic number.

Results

Not Applicable

Ground-Based Controls

Not Applicable

Key Flight Hardware

Radiation Detectors: Plastic Nuclear Track Detectors (PNTD)

More Information

Mission p. 126-32; Publications p. 424; Hardware p. 524-5

The average flux of 4.05 + 0.70 particles em? d! inside Cosmos 782 was 21% larg-
er than the flux recorded for Skylab-4 astronauts, an expected result primarily due
to the higher inclination of orbit. Differences in particle flux values within sets
of detectors reflect shielding distribution variances. A layer of CN plastic posi-
tioned at the center of the thick stack registered fluence and flux values, respec-
tively, of 67.5 particles cm™ and 3.46 particles em™ d™, a value 14.6% lower than
the average flux measured by the thin dosimeters. The number of particles with Z
20 stopping per unit volume obtained was 0.9 cm™.
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Title of Study

Objectives/Hypothesis

Cosmic Ray Effect on the Eyes of Rats Flown on Cosmos 782

Science Discipline

Radiation/Environmental Health

A prediction was made in 1952 by C.A. Tobias that “light flashes” would be seen
by dark-adapted persons in high flying aircraft and during space {flight, as cosmic
rays passed through and actuated the photoreceptors of the retina. Cellular dam-
age in the rod free area of the fovea, the area of sharpest vision, could become a
severe problem by limiting vision in space travelers. This experiment attempts to
further data in the area of long-term, low-dose ocular responses.

Approach or Method

Investigator Institute

D.E. Philpott NASA-Ames Research Center
Co-Investigator(s) Institute

Corbett, R. NASA-Ames Research Center
Sapp, W. Tuskegee Institute

Savik, L.F. Institute of Biomedical Problems
Turnbill, C. NASA-Ames Research Center
Klein, G. Bruce Lyon Research Laboratory
Harrison, G. NASA-Ames Research Center
Black, S. NASA-Ames Research Center
Leaffer, D. NASA-Ames Research Center

Research Subject(s)

The eyes from six rats were fixed immediately after flight and 25 days postflight,
and compared to eyes exposed to 1,000 rads of neon and argon. Sections were cut
for electron microscopy for routine examination or whenever light microscopy
indicated areas of interest. The outer nuclear layer was examined for radiation
changes because these nuclei control the synthesis of the outer segments. Here,
any interference in synthesis would be reflected by an alteration in morphology.
Radiation detectors were placed aboard the spacecraft to obtain the average flux
and atomic number of cosmic ray particles (see experiment C782-9).

Results

Rattus norvegicus (Wistar Rat)
12 Flight Male

Ground-Based Controls

12 Vivarium, 12 Synchronous; Neon/Argon Irradiated Controls

Key Flight Hardware

Cosmos 782 Russian Hardware Suite; Radiation Detectors:
Plastic Nuclear Track Detector (PNTD)

More Information

Mission p. 126-32; Publications p. 424; Hardware p. 455-6, 524-5

Most of the flight eye tissue was normal, indicating space flight for this duration
would be safe for humans. Necrotic nuclei were found in the outer nuclear layer
and channels were located in the outer segment. Macrophages were seen bet-
ween the pigment layer and the outer segment. Analysis of the eyes fixed at 25
days postflight suggested some recovery. Light flashes and damage from cosmic
rays appear to be created by cosmic ray traversal of the outer segments while
pathology, when it occurs, is quite possibly from interaction with some part of the
nucleus; nevertheless, direct interaction on the cellular components could also
have occurred.

Appendix I: Experiment Descriptions
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I Cosmos 782 / Bion 3 C782-11

Title of Study

Objectives/Hypothesis

Absence of Gastric Ulceration in Rats After Flight on the Cosmos 782

Science Discipline

Regulatory Physiology

A variety of environmental stressors can be shown to produce gastric ulceration in
rats. Several converging lines of research have shown that endogenous histamine
plays an essential role in stress-produced gastric ulceration. It has been demon-
strated, as well, that the mechanism specifically involves the H2 receptor for
histamine. Whether the actual stresses associated with a long-term space flight
are sufficient to produce gastric ulceration in rats is uncertain, and the focus of

this study.

Investigator Institute

P.A. Brown NASA-Ames Research Center

Co-Investigator(s) Institute Approach or Method

Vernikos-Danellis, J. NASA-Ames Research Center Stomachs from the flight animals were compared with stomachs removed from

Research Subject(s)

animals in synchronous and vivarium control groups. The stomachs were exam-
ined microscopically for gastric ulceration using the following classification: a)
petechial ulcers: minute superficial erosions involving only the mucosa; b) punc-
tate ulcers: discrete punched out ulcerations measuring at least 1 mm; and c)
longitudinal ulcers: continuous linear ulcerations larger than 1 mm. Tissue for
histological examination was taken from the rumen, corpus, and antrum; hema-
toxylin and eosin sections were examined microscopically for evidence of super-
ficial erosion of the mucosa.

Results

Rattus norvegicus (Wistar Rat)
6 Flight Male

Ground-Based Controls

6 Vivarium, 6 Synchronous

Key Flight Hardware

Cosmos 782 Russian Hardware Suite

More Information

Mission p. 126-32; Publications p. 424; Hardware p. 455-6

None of the animals examined from the flight or control groups evidenced gastric
ulcers or pronounced mucosal erosion, a not unexpected result. In conjunction
with other experiments, most of the animals in flight and synchronous groups
were maintained on the antibiotic Declomycin. A broad spectrum of antibiotics
can result in a deficiency of pyridoxal phosphate, a required co-factor in the bio-
synthesis of histamine. A histamine depletion could afford protection against
experimental ulceration, as would the six-hour feeding intervals, as a minimum of
24 hours of food deprivation is usually required to produce stress ulcers in rats.
Possibly, during the initial phase of the flight the animals did ulcerate, but recov-
ered prior to return.
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Title of Study

Objectives/Hypothesis

Alterations in Erythrocyte Survival Parameters in Rats After 19.5 Days
Aboard Cosmos 782

Science Discipline

Regulatory Physiology

The results of the Skylab flights demonstrate that prolonged weightlessness causes
a significant decrease in red cell mass of astronauts which is not related to oxygen
partial pressure. The objective of this experiment was to determine if the complex
factors associated with relatively prolonged space flight interact to alter survival
parameters of preformed red blood cells in rats.

Investigator Institute

H.A. Leon NASA-Ames Research Center

Co-Investigator(s) Institute Approach or Method

Landaw, S.A. Syracuse VA Hospital Based on the amount of exhaled carbon-14 labeled carbon monoxide, survival

Cummins, . Northrop Services, Inc. parameters of a cohort of erythrocytes labeled 15.5 days preflight were evaluated

Serova. L V Institute of Biomedical Problems upon return from orbit and compared to control rats injected at the same time.
R _ ' . Breath samples were taken for three hours at the same time each day to minim-

Chelnaya, N.A. Institute of Biomedical Problems ize potential circadian fluctuations. The '"CO generated was trapped in ethanol-

Deryagina, S.N. Institute of Biomedical Problems amine/2-Ethoxyethanol and triplicate aliquots were counted by liquid scintillation.

Potapova, G.M. Institute of Biomedical Problems The obtaine:d data points were fitted into an equation relating red blood cell

Churakova, A.V. Institute of Biomedical Problems survival to MCO production, using a computer.

Research Subject(s)

Results

Rattus norvegicus (Wistar Rat)

6 Flight Male

Ground-Based Controls

6 Vivarium

Key Flight Hardware

Cosmos 782 Russian Hardware Suite

More Information

Mission p. 126-32; Publications p. 424; Hardware p. 455-6

Statistical evaluation indicates that all survival parameters were altered by the
space flight. The mean potential red blood cell life span, which was 62.4 days in
control rats, was decreased to 59.0 days in the flight rats, and random hemolysis
was increased three-fold in the flight rats. The measured size of the cohort was
decreased, lending further support to the idea that hemolysis was accelerated
during some portion of the flight. Factors which might be contributory to these
changes include forces associated with launch and re-entry, atmospheric and
environmental parameters, diet, radiation, and of course, weightlessness.

Appendix I: Experiment Descriptions
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I Cosmos 782 / Bion 3 C782-13

Title of Study

Objectives/Hypothesis

Effects of Spaceflight on Plasma and Glandular Concentrations of
Pituitary Hormones

Science Discipline

Regulatory Physiology

The important role played by hormones in regulation of metabolic parameters
affected by space flight suggests that altered endocrine function may have contrib-
uted to other observed metabolic changes. The aims of the present study were to
clarify the effects of space flight on pituitary function by measuring plasma and
glandular concentrations of pituitary hormones and, where feasible, evaluating the
status of the appropriate target tissue.

Investigator Institute

R.E. Grindeland NASA-Ames Research Center

Co-Investigator(s) Institute Approach or Method

Keil, L.C. NASA-Ames Research Center At the conclusion of the flight all rats were weighed and inspected. Anterior and

Parlow. A.F. University of California, Los Angeles posterior-intermediate lobes were collected, weighed, and individually frozen for

Kendall, J.W. VA Hospital, Portland assays.d Plz.lsma and pituitary growth hormone (GH), and prolactin were immuno-
' assayed using GH and prolactin purified in-house as standards. Thyrotropin was

Ellis, S. NASA-Ames Research Center assayed by a double antibody method, and luteinizing and follicle stimulating

Geschwind, LI. University of California, Davis hormones by procedures employing NJAMDD rat standards. Adrenocorticotropic

Research Subject(s)

hormone (ACTH) was immunoassayed using the 3rd International Standard
(porcine). Vasopressin was measured by a radioimmunoassay procedure and
melanocyte stimulating hormone (MSH) by the bioassay method.

Results

Rattus norvegicus (Wistar Rat)
11 Flight Male

Ground-Based Controls

11 Vivarium, 11 Synchronous

Key Flight Hardware

Cosmos 782 Russian Hardware Suite

More Information

Mission p. 126-32; Publications p. 425; Hardware p. 455-6

Although of modest extent, some perturbations of endocrine function were found
in this investigation. The low plasma GH titers of flight animals either reflects
the unusual sampling conditions at recovery or the effects of weightlessness. The
larger adrenals of flight rats suggests they were secreting increased quantities of
corticosterone over a significant part of the flight, which may have contributed to
the smaller flight body weights by its protein catabolic effect. The adrenal hyper-
trophy of flight rats suggests these animals were secreting more ACTH and
corticosterone during flight. There were no changes in either pituitary or plasma
MSH suggesting that either the type or degree of stress was not adequate to
stimulate MSH secretion.
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Title of Study

Objectives/Hypothesis

Effect of Weightlessness and Centrifugation (1xG) on Erythrocyte Survival
in Rats Subjected to Prolonged Spaceflight

Science Discipline

Cardiovascular/Cardiopulmonary

With few exceptions, the loss of a variable quantity of red blood cell (RBC) mass
has been a consistent finding in humans subjected to space flight. Past data sug-
gest that mechanisms other than oxygen-induced hemolysis must be operative to
cause this decrease in RBC mass. Analysis of Cosmos 782 data showed that ran-
dom hemolysis was increased three-fold in the flight rats and the mean potential
life span was decreased about 5%. The present experiment was undertaken to
verify the alterations seen in Cosmos 782 and to ascertain if the alterations could
be attenuated by artificial gravity via an onboard centrifuge.

Investigator Institute

H.A. Leon NASA-Ames Research Center

Co-Investigator(s) Institute Approach or Method

Landaw, S.A. VA Hospital, Syracuse Five rats were subjected to near weightlessness space flight and five rats were
Serova. L.V. Institute of Biomedical Problems subjected to a 1 g force via an onboard centrifuge. Comparisons were made to

Research Subject(s)

ground-based vivarium, and synchronous stationary and centrifuged controls.
Erythrocyte hemolysis and life span were evaluated by quantification of radio-
active carbon monoxide exhaled in breath, which arises from the breakdown of
the previously 2-'C glycine labeled hemoglobin.

Results

Rattus norvegicus (Wistar Rat)
5 Flight, 5 Centrifuged Male

Ground-Based Controls

6 Vivarium, 5 Synchronous, 5 Centrifuged

Key Flight Hardware

Cosmos 936 Russian Hardware Suite

More Information

Mission p. 133-8; Publications p. 425; Hardware p. 455-6

Considering only the output of "CO during the first three days postflight, radio-
activity was 60% higher in the flight-weightless than in the flight-centrifuged
group. The mean, overall, RBC life-span was significantly shortened in the latter
group as a result of increased hemolysis, a difference even more pronounced if
the one rat that suffered measurable injury is excluded from the data. Changes in
hemolysis are also reflected in the portion of RBCs dying of senescence. The
results support previous findings, wherein hemolysis was found to increase as a
result of space flight. Unrelated to exogenous factors, this change appears specif-
ic to weightlessness, since it was attenuated by artificial gravity created by inflight
centrifugation. A possible initiator of the hemolysis is a cephalad fluid shift and
subsequent hemoconcentration caused by the weightlessness.

Appendix I: Experiment Descriptions
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I C 0Ssmos 936 / Bion 4 C936-2.1

Title of Study

Objectives/Hypothesis

Quantitative Analysis of Selected Bone Parameters

Science Discipline

Changes in calcium homeostasis present a potential problem during prolonged
space flight. Since mechanical forces imposed by muscle utilization and gravity
influence bone turnover, prolonged recumbency and/or prolonged weightlessness
with continuous hypercalciuria and bone loss could ultimately result in osteo-
porosis. To better understand the effect of space flight and gravity on bone, the
following parameters: formation and mineralization, resorption, length, density

Musculoskeletal and pore size distribution, and mechanical properties, were studied in stationary

) ) and centrifuged space-flown rats both immediately following recovery and 25 days
Investigator Institute postﬂight.
E.R. Morey-Holton NASA-Ames Research Center
Co-Investigator(s) Institute Approach or Method
Turner, R.T. American Lake VA Medical Center Density and pore size distribution were measured in the left femur by mercury
Baylink, D.]. American Lake VA Medical Center porosimetry; mechanical parameters were evaluated with a standard torsion test

Research Subject(s)

machine. The rate of bone formation and resorption was determined in the left
tibia by quantitative histological techniques; in addition, osteoblast and osteoclast
cell number was determined.

Results

Rattus norvegicus (Wistar Rat)
5 Flight, 5 Centrifuged Male

Ground-Based Controls

12 Basal, 10 Vivarium, 4 Synchronous, 5 Centrifuged

Key Flight Hardware

Cosmos 936 Russian Hardware Suite

More Information

Mission p. 133-8; Publications p. 425; Hardware p. 455-6

The data obtained demonstrate that: no gross change in endosteal bone resorption
occurs during flight or postflight; mean periosteal bone formation rate decreases
about 45% and is not corrected by centrifugation; the decrease in formation rate
may be due, in part, to a cessation of bone formation which occurs sometime after
the eleventh day of flight and continues until the second postflight day; although
centrifugation did not correct the defect in periosteal bone formation rate during
flight, it appears to hasten the recovery following flight; femur stiffness decreases
about 30%; and centrifugation did correct the defect in bone mechanical proper-
ties. All perturbations normalized by 25 days postflight. The reduction of mech-
anical stress is probably not sufficient to account for the decreased rate of bone
formation since a comparable decrease occurred in the flight centrifuged rats.
However, the mechanical strength of the femur was not reduced in these ani-
mals, and bone formation was apparently reinitiated immediately upon recovery
in centrifuged rats, whereas it was delayed two to three days in flight rats.
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I C 0S5 mos 936 / Bion 4 C936-2.2

Title of Study

Objectives/Hypothesis

Quantitative Analysis of Selected Bone Parameters: Formation of Ectopic
Bone in Implanted Matrices

Science Discipline

Undenatured bone matrix, demineralized and lypholized, induces bone formation
when implanted in muscle or fascia of host animals. This model was employed by
Soviet scientists to evaluate the effects of space flight on bone formation in im-
planted matrices. Approximately half the implanted matrices recovered from
basal, synchronous, vivarium control, and flight groups of rats were sent to the
U.S. for independent evaluation. These were accompanied by samples of unim-

Musculoskeletal .
planted bone matrix.
Investigator Institute
D.]J. Baylink American Lake VA Medical Center
Co-Investigator(s) Institute Approach or Method
Shvets, V.N. Institute of Biomedical Problems Representative samples of ectopic bone recovered from each host rat were dried,
Turner. R.T. American Lake VA Medical Center weighed, and digested in 6N HCL. Calcium content was determined on an ali-
Holton. F NASA-Ames Research Center quot by atomic absorption spectrophotometry and pg Ca/mg dry weight of sample

Research Subject(s)

was calculated. Specimens were prepared by a method which has been developed
to preserve enzyme activity in mineralized bone, thus permitting the identifica-
tion of osteoclasts as well as osteoblasts. Specimens were cut into two to four
segments and embedded for sagittal sectioning, producing 57 tissue blocks, each
containing from one to three segments of the specimen. Sections were stained by
the Goldner technique and a method intended to differentiate osteoblasts and
osteoclasts by taking advantage of the high RNA content of the former and acid
phosphatase activity of the latter, and examined microscopically.

Results

Rattus norvegicus (Wistar Rat)

5 Flight Male

Ground-Based Controls

5 Basal, 5 Vivarium, 5 Synchronous

Key Flight Hardware

Cosmos 936 Russian Hardware Suite

More Information

Mission p. 133-8; Publications p. 425; Hardware p. 455-6

A subjective study of slides suggests that the only areas stained green by the Gold-
ner technique are mineralized bone, in contrast to what has been found in rat and
human bone, and in unimplanted bone matrix. In these, all “mature,” or once
mineralized matrix stains green even after being completely demineralized, and
only newly formed osteoid stains red. If that were the case in the implanted
matrices, all the old, implanted matrix except its normal borders of osteoid would
be stained green as well as the mineralized bone formed during the time the
matrix was implanted in the host rat. One would then expect the red-stained area
to be limited to the osteoid of the original matrix and the osteoid formed during
the period of implantation which had not yet mineralized. Instead, it seems (but
is not yet proven) that all the old matrix, whether once mineralized or not, is
stained red. This suggests that a change occurred in the implanted matrix which
could not be demonstrated in the specimens of the unimplanted matrix, reflected
in a change of its tinctorial properties, and deserves further study.

Appendix I: Experiment Descriptions
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I C 0Ssmos 936 / Bion 4 C936-3

Title of Study

Objectives/Hypothesis

Spaceflight Effects on Muscle Fibers

Science Discipline

Whether a muscle fiber employs an oxidative or glycolytic energy mechanism is
not immutably fixed, but can be influenced by external factors. Since space flight
drastically alters the stimulus patterns to which skeletal muscle is exposed, it is
relevant to investigate the changes which take place, not only in the muscle fiber
size, but also in the energy mechanism. Rather than sampling each muscle only
at a few positions along its length, this experiment seeks a quantitative total ascer-

Musculoskeletal tainment of fiber size, number, and type.

Investigator Institute

K.R. Castleman Jet Propulsion Laboratory

Co-Investigator(s) Institute Approach or Method

Chui, L.A. USC School of Medicine Muscle fiber size and type distribution were studied in the extensor digitorum

Van Der Meulen, ].P. USC School of Medicine longus (EDL) muscle of space-flown rats and controls, using histochemical prepar-

Research Subject(s)

ation techniques and computer image analysis to quantify the space-flight-induced
changes in muscle fiber size, number, and energy metabolism. The computer
program produces a scatter plot showing how the fibers are distributed in diameter
and optical density.

Results

Rattus norvegicus (Wistar Rat)
5 Flight Male

Ground-Based Controls

5 Vivarium, 5 Synchronous

Key Flight Hardware

Cosmos 936 Russian Hardware Suite

More Information

Mission p. 133-8; Publications p. 426; Hardware p. 455-6

Average fiber diameter was largest in the vivarium control animals and smallest
in the flight animals. Flight muscles appeared to be shorter than those of other
groups. If this length difference is not an artifact of dissection, it could be the
result of chronic extension of the foot and/or toes during space flight. Fiber num-
ber showed no significant difference. The “slow” fiber percentage was quite vari-
able, and no statistically significant fiber type conversion was noted. There were
no major cytoarchitectural changes, and necrotic changes and “moth eaten” fibers
were not seen. The grouped grand mean fiber diameters show 17% and 7% reduc-
tions for the flight and synchronous groups, respectively, when compared to the
vivarium group, strongly supporting the contention that hypogravity aggravates the
atrophic effects of hypokinesis. While reduced activity may be the major cause of
fiber atrophy in space flight, other factors may contribute. For example, the
stress of negotiating the microgravity environment could produce an ACTH-corti-
sol response, a possible contributor to reduced fiber size.

280

Life into Space



I C 0Ssmos 936 / Bion 4 C936-4

Title of Study

Objectives/Hypothesis

Space Radiation Dosimetry On B

Science Discipline

oard Cosmos 936

Radiation/Environmental Health

Investigator

Institute

E.V. Benton

Co-Investigator(s)

University of San Francisco

Institute

Life systems in space experience a unique and complex environment, including
radiation, which presents hazards that may impair normal physiological processes
and thereby limit their natural functions. The radiation dosimetry experiments
were designed mainly to determine physical parameters of the different compo-
nents of the radiation in space. The Cosmos 936 study included a comparison of
results between U.S. and U.S.S.R. investigators with the objective to elucidate
results from the Cosmos 782 mission which contained an unexplained difference
in HZE (high-energy ionized particle) flux values measured by investigators of the
different countries.

Approach or Method

Cassou, R.
Frank, A.
Peterson, D.D.
Henke, R.P.

Research Subject(s)

University of San Francisco
University of San Francisco
University of San Francisco
University of San Francisco

Results were derived from measurements made in a variety of passive radiation
detectors, including plastic nuclear track detectors (PNTDs), fission foil detectors,
thermoluminescent dosimeters (TLDs), and nuclear emulsions. Measurements
were made of HZE particles, neutrons, protons, and the total radiation dose.

Results

Not Applicable

Ground-Based Controls

Not Applicable

Key Flight Hardware

Radiation Detectors: Cosmos 936

More Information

Radiation Detector Packets

Mission p. 133-8; Publications p. 426; Hardware p. 526-7

The mean observed HZE particle flux, as measured in cellulose nitrate PNTDs,
was 1.75 em™ d!' (£20%), compared with 4.05 cm™ d™” (£17%) on Cosmos 782. The
charge spectrum of HZE particles was measured in the region 6 £ Z £ 18. The
fluences of thermal neutrons (<0.3 eV), resonance neutrons (0.3 eV-1 MeV) and
high energy neutrons (>1 Mev) were, respectively, 3.64 x 10° cm™ (x20%), 9.5 x
10 em™? (-30% to +50%), and 2.1 x 10°® cm™®. The total dose measured in TLD
chips was 424 mrad (+9%) and 523 mrad (11%). The mean tissue equivalent
proton ender density measured in nuclear emulsions was 2.72 x 10 c¢m™ tissue.
The physical parameters reported here help specify important dosimetric infor-
mation required to assess the potential radiation hazards to life systems in space.

Appendix I: Experiment Descriptions
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Title of Study

Objectives/Hypothesis

Cosmic Ray Effects on the Eyes of Stationary and Centrifuged Rats Flown

on Cosmos 936

Science Discipline

Radiation/Environmental Health

The site of sharpest vision is located in the rod-free area of the fovea, the tiny
central area of the macula. Cellular damage in this area, about 26 pm diameter in
humans, could become a severe problem by limiting vision in space travelers. It
is known that a short term flight causes damage in the retinas of mice and rats.

In longer space flights, long term, low dosage radiation could cause lens changes,
leading to cataracts. Although data are lacking in this area of long-term, low dose
response, the possibility of extended flights makes such information vital.

Investigator Institute

D.E. Philpott NASA-Ames Research Center

Co-Investigator(s) Institute Approach or Method

Corbett, R. NASA-Ames Research Center Radiation dosimeters were placed in the biosatellite to obtain an average flux and

Turnbill. C. NASA-Ames Research Center atomic number of the cosmic ray particles. Photomontages were constructed and
i large retinal areas from flight and control eyes were compared to each other.

Black, . NASA-Ames Research Center Some micrographs of the outer nuclear layer of the retina (ONL) from an eye in

Dayhoff, D. NASA-Ames Research Center each group were put on a Ladd digitizer, and the cells were counted and measured.

McGourty, J. NASA-Ames Research Center Averages for population density, width of the ONL, and nuclear volume were

Lee. R NASA-Ames Research Center computed for flight stationary, flight centrifuge, and ground controls.

Harrison, G. NASA-Ames Research Center

Research Subject(s)

Results

Rattus norvegicus (Wistar Rat)
5 Flight, 5 Flight Centrifuged

Ground-Based Controls

Male

5 Vivarium, 5 Synchronous

Key Flight Hardware

Cosmos 936 Russian Hardware Suite

More Information

Mission p. 133-8; Publications p. 426; Hardware p. 455-6

The flux of HZE particles indicated an average of 35 particles/cm’2 for the 18.5
day flight in the areas where the dosimeters were placed. No differences were
noted when comparing flight-weightless to flight-centrifuged samples. Affected
cells in the outer nuclear layer, where synthesis of the outer segment takes place,
showed swelling, clearing of the cytoplasm, and disruption of the membranes. The
abnormal assembly of the membranes could be a consequence of altered DNA.
Preliminary results using the digitizer indicated an increase in cell size after radi-
ation, a narrowing of the ONL in flight eyes, and a decrease in the number of
cells in the outer nuclear layer. Since active synthesis in the ONL magnifies any
pathological insult to ONL cells, the vesiculated membranes found in the rods
may be due to improper synthesis of membrane material. Cell necrosis in the
retina seems to follow the same pattern after exposure to HZE both on the ground
and in space. Following cell enlargement, cellular collapse occurs, which may be
due to membrane dysfunction as active transport ceases.
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Title of Study

Objectives/Hypothesis

Effects of Weightlessness on the Genetic and Aging Process of
Drosophila melanogaster

Science Discipline

Cell/Developmental Biology

The main purpose of the U.S.S.R. portion of this experiment was to study the gen-
etic effects of near-weightlessness, while the U.S. contribution was concerned
with the developmental and aging process. This investigation was intended to be a
follow-up to the Drosophila experiment flown previously on Cosmos 782, which
suggested that the development of Drosophila was not appreciably affected by the
lack of gravity.

Investigator Institute

J. Miquel NASA-Ames Research Center

Co-Investigator(s) Institute Approach or Method

Philpott, D.E. NASA-Ames Research Center Two age groups of mature flies (7 and 26 days at launch) were used in order to

Research Subject(s)

compare the effects of microgravity on insects which were at the peak of their
vitality, with others already shown to exhibit senescent loss of vigor and tissue
disorganization. Investigations included: determination of vitality, as expressed in
negative geotaxis and mating; study of the external morphology using a scanning
electron microscope; investigation of age-associated changes in the muscle and
other tissues by transmission electron microscopy on material fixed in glutaralde-
hyde; and life span determination on seventy flies from Cosmos-flown and syn-
chronous populations.

Results

Drosophila melanogaster (Fruit Fly)
260 Flight (approximation)

Ground-Based Controls

260 Synchronous (approximation)

Key Flight Hardware

Cosmos 936 Russian Hardware Suite

More Information

Mission p. 133-8; Publications p. 426-7; Hardware p. 455-6

The transmission electron microscopic study demonstrated the presence of normal
mitochondria both in flies which developed in space and in those which were ex-
posed to microgravity as young and middle aged imagoes. On the other hand, the
amount of glycogen granules in the wing were strikingly lower in the Cosmos-
flown young flies than in their ground controls. Regarding embryonic develop-
ment, these findings are in agreement with previous research and observations on
Cosmos 782, suggesting that near-weightlessness does not seriously interfere with
the developmental processes of Drosophila. However, the reduced vitality and the
short life span manifested by the flies which were exposed to hypogravity during
the first days of their imaginal life suggests that the aging process may be accel-
erated during space flight. These effects may be similar to those of other life-
shortening environmental parameters, such as moderately raised oxygen tensions
and high ambient temperature.
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Title of Study

Objectives/Hypothesis

The Effects of Spaceflight on Some Liver Enzymes Concerned with
Carbohydrate and Lipid Metabolism in the Rat

Science Discipline

Regulatory Physiology

During early manned space flights, a specific physiological enigma concerning
caloric requirements was noted. While theoretically in the absence of gravita-
tional force less energy should be required for life-sustaining functions, on the
initial flights where caloric intake was restricted, a marked inflight loss in body
weight resulted. It is important to study a key organ like the liver in order to
determine whether any regulative enzymes of carbohydrate and lipid metabolism
might have been affected; that is, whether the capabilities of the organ to produce
these cellular constituents is, in fact, altered in space flight.

Investigator Institute

S. Abraham Bruce Lyon Memorial Research Lab.

Co-Investigator(s) Institute Approach or Method

Klein, H.P. NASA-Ames Research Center In the rat liver, the activities of about thirty enzymes concerned with carbohyd-
Lin, C.Y. Bruce Lyon Memorial Research Lab. rate and lipid metabolism were examined according to well-established methods or
Volkmann, C. NASA-Ames Research Center modifications of currently used techniques. In addition, the levels of glycogen

Research Subject(s)

and of the individual fatty acids in hepatic lipids were determined. The livers
from rats subjected to near weightlessness space flight and rats subjected toa 1 g
force via an onboard centrifuge were compared to appropriate ground-based con-
trols. Several key enzymes of lipid biosynthesis, many of which are known to be
regulative, were studied in this experiment, including acetyl-CoA carboxylase,
fatty acid synthetase, palmitoyl-CoA synthetase, and stearoyl-CoA desaturase.

Results

Rattus norvegicus (Wistar Rat)
5 Flight, 5 Centrifuged Male

Ground-Based Controls

5 Vivarium, 5 Synchronous, 5 Centrifuged

Key Flight Hardware

Cosmos 936 Russian Hardware Suite

More Information

Mission p. 133-8; Publications p. 427; Hardware p. 455-6

In rats sacrificed at recovery, statistically significant decreases in the activity
levels of a-glycerol-phosphate acyltransferase, diglyceride acyltransferase, aconi-
tase, and 6-phosphogluconate dehydrogenase were noted in the flight-weightless
group versus flight-centrifuged animals. The flight-weightless group also con-
tained, on average, more than twice the amount of glycogen than did flight-
centrifuged livers, and a remarkable shift in the ratio of palmitate to palmitoleate
was noted. As a possible explanation, it was observed that although glycogen
synthetase activity was about the same in all groups, its glycogen phosphorylase
activity was significantly less. The observed alterations, particularly those that
involved increased glycogen levels and decreased activities of the acyl trans-
ferases concerned with lipid synthesis, appear unique to the weightless condition.
Most of the enzyme activities, though, did not show any significant differences
between weightless and centrifuged rats, and all parameters had returned to
normal by 25 days postflight.
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Title of Study

C1129-1

Objectives/Hypothesis

Rat and Quail Ontogenesis

Science Discipline

Cell/Developmental Biology

Investigator Institute

J.R. Keefe BioSpace Incorporated

Co-Investigator(s) Institute

The flight of Cosmos 1129 attempted to provide information with respect to poten-
tial effects of space flight on mammalian fertilization, implantation, and embry-
onic development. The principal objectives of this study were: 1) to determine the
capability of a selected mammalian species to undertake reproductive processes,
including copulation, fertilization, placentation, and embryogenesis during space
flight exposure; 2) to separate potential space flight factors from indirect factors
due to stress; and 3) to demonstrate the capability of avian embryos to carry out
normal embryogenesis during space flight.

Approach or Method

none

Research Subject(s)

Both flight and synchronous rat groups were provided a dual chambered mating
cage. Fertility in test animals was assured by successful preflight breeding. The
divider separating male and female rats was removed on the second day of flight.
Seventeen days after recovery, flight and control females were laparotomized and
the uteri and ovaries photographed. “Triangular implantation sites” and “yellow
bodies” (Corpora lutea) were tallied by gross inspection. Two flight females and
flight males were mated postflight.

Although all of the quail eggs were adversely impacted by an inflight failure of
the incubator humidifier, several embryos were able to progress to a develop-
mental stage equivalent to that of a control ten- to twelve-day embryo. Postflight,
representative samples of the dead embryos were fixed in Bouins solution and
examined by light microscopy.

Results

Rattus norvegicus (Wistar Rat)
Coturnix coturnix (Quail)
7 Flight Rats (5 Female); 60 Flight Eggs

Ground-Based Controls

Male/Female

7 Synchronous Rats; 60 Synchronous Eggs

Key Flight Hardware

Cosmos 1129 Russian Hardware Suite

More Information

Mission p. 139-44; Publications p. 427; Hardware p. 456

None of the flight or synchronous rat females gave birth as a result of breeding
that may have occurred during the flight phase of the experiment. Flight males
have subsequently sired litters from both vivarium and post-operative flight
females. One flight and two synchronous females have since produced viable
litters with a normal size and sex ratio. Pups from these litters demonstrate
normal morphological development. The basic questions concerning mammalian
copulation, insemination, fertilization, implantation, placentation, and embryo-
genesis still remain unanswered.

Based upon examination of the external features and analyses of the one quail
flight embryo received, development under conditions of space flight appeared to
be normal. The drop in relative humidity to a level of 23-25% for a period over six
days must have led to a dehydration of the eggs and an increase in the fragility of
the shell.

Appendix I: Experiment Descriptions
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I Cosmos 1129 / Bion 5 C1129-2

Title of Study Objectives/Hypothesis
Fetal and Neonatal Rat Bone and Joint Development Following In Utero The thrust of this study was altered by circumstances from the initial proposal to
Spaceflight investigate the effects of prenatal exposure to space flight on rat limb develop-

ment. Since no litters were born following inflight impregnation, the only speci-
mens were produced by vivarium and postflight pregnancies. An effort was made

Science Discipline to measure differences between groups of specimens attributable to maternal

housing, diet, or stress, which must be compensated for in future mammalian

Cell/Developmental Biology embryology experiments in space.

Investigator Institute

E.E. Sabelman University of California, San Francisco

Co-Investigator(s) Institute Approach or Method

Holton, E.M. NASA-Ames Research Center After separation into single limbs, with skin removed to mid-tibia, specimens

Arnaud, C.D. University of California, San Francisco were superficially examined and macrophotographed at 3x. With input from a
microscope and camera, radiographic density was measured using an image analy-
sis system consisting of a camera, a video-digitizer terminal and computer. Data
were obtained on maturation of ossification centers, orientation of collagen fibers
in the bone, tendon and ligament, joint surface texture and spatial relationships of
bones and the hindlimb. A comparison was also conducted between vivarium
(standard) and flight-type (Soviet paste) diets.

Research Subject(s) Results

Rattus norvegicus (Wistar Rat) No overt anatomical abnormalities were noted in domestic or Soviet specimens.

7 Flight Rats (2 Male and 5 Female) Male/Female Weights of offspring whose dams were fed Soviet diet did not differ significantly

until after day fifteen from standard diet controls. In pups less than two days old,
tendon and ligament insertions tended to merge with the perichondrium rather

Ground-Based Controls . . . .
than penetrate into underlying cartilage or bone. The texture of the minuscule

7 Synchronous Rats (2 Male and 5 Female) fibrocartilage was distinct from adjacent ligament, with prominent cell lacunae
which could be indicators of states of mechanical stress. Because of unknown
Key Flight Hardware degrees of sensitivity of bone and joint maturation of Czech Wistars to such

factors as litter size, gestation age, uterine position, or birth order, this data should
be gathered for all specimens, in addition to the age and weight at sacrifice.
Certainly, environmental parameters to which flight and synchronous control
More Information groups were exposed, such as noise, vibration, and possible hypoxia, should be
Mission p. 139-44; Publications p. 427; Hardware p. 456 measured during future studies. Computer reconstructions of knee and hip show
promise as a means of investigating the etiology of congenital hip dislocation.

Cosmos 1129 Russian Hardware Suite
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Title of Study

C1129-3.1

Objectives/Hypothesis

Quantitative Analysis of Selected Bone Parameters

Science Discipline

Musculoskeletal
Investigator Institute
T.J. Wronski NASA-Ames Research Center

Co-Investigator(s) Institute

According to previous space flight research, differential effects are noted not only
between weight-bearing and non-weight-bearing bones, but also are seen within
different regions of the same bone. Therefore, one of the objectives of this study
was to determine growth at the periosteum in different regions both in weight-
bearing (tibia) and non-weight-bearing (rib) bones. Following both Cosmos 782
and 936, an arrest line was found in all flight rats and was both more distinct and
more extensive than in controls. Another objective of this study was to obtain
more precise measurements and further define this arrest line.

Approach or Method

Morey-Holton, E.R. NASA-Ames Research Center

Cann, C.E. University of California, San Francisco
Baylink, D.J. American Lake VA Medical Center
Arnaud, C.D. University of California, San Francisco
Turner, R.T. American Lake VA Medical Center
Jee, W.S.S. University of Utah

Research Subject(s)

The Merz grid was used to quantify the rate of periosteal bone formation in the
tibial and humeral diaphysis, and to aid in quantification of the fractional area of
trabecular bone and the fractional area of fat in the bone marrow of the proximal
tibial metaphysis. Additional cross-sections of the tibial diaphysis were used for
chemical characterization of the arrest lines.

Results

Rattus norvegicus (Wistar Rat)

25 Flight Male

Ground-Based Controls

25 Vivarium, 25 Synchronous

Key Flight Hardware

Cosmos 1129 Russian Hardware Suite

More Information

Mission p. 139-44; Publications p. 427; Hardware p. 456

The skeletal alterations induced by space flight were determined to be: a reduced
rate of periosteal bone formation in the tibial and humeral diaphyses; and a de-
creased trabecular bone volume and an increased fat content of bone marrow in
the proximal tibial metaphysis. Inhibition of periosteal bone formation in the
humerus was not as dramatic as in the tibia, probably due to the lower rate of
periosteal bone formation in the humerus relative to the tibia. An increased
incidence of arrest lines was seen in flight animals. The staining properties of
these arrest lines and the demonstration that osteocyte canaliculi rarely pass
through them, suggest that they represent a cessation of bone matrix formation
followed by reinitiation of bone formation at a later time. The rate of periosteal
bone formation in the rib was not significantly decreased during space flight,
possibly due to its non-weight-bearing nature; periosteal bone formation rate in the
rib may be too low to exhibit a significant change during a relatively short flight.
Endosteal bone resorption was not affected markedly by space flight.

Appendix I: Experiment Descriptions
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I C0smos 1129 / Bion 5 C1129-3.2

Title of Study Objectives/Hypothesis
Quantitative Analysis of Selected Bone Parameters: Supplemental Report Marked depression or arrest of bone formation has been associated with space
1: Effects of Weightlessness on Osteoblast flight and simulated weightlessness. The mechanism of this suppression of osteo-

genesis is unclear, but probably involves altered induction. Data indicate that
nuclear volume frequency distributions are an effective means of assaying pre-

Science Discipline osteoblast differentiation in a population of connective tissue cells. Thus, the

objective of this experiment was to determine whether space flight would alter

Musculoskeletal cellular induction in the fibroblast-like cells in the rat periodontal ligament (PDL).

Investigator Institute

W.E. Roberts University of the Pacific

Co-Investigator(s) Institute Approach or Method

Mozsary, P.G. University of the Pacific PDL, the osteogenic interface between tooth and bone, was morphometrically

Morey-Holton, E.R. NASA-Ames Research Center analyzed. The region studied was a 300 pm length of midroot PDL on the medial
aspect of the medial root of the maxillary first molars. Volumes for 100 nuclei
from throughout the width of the PDL were determined, and frequency distri-
butions of nuclear volume for each group were calculated. Studies were conducted
on rats sacrificed at recovery and six and 29 days postflight.

Research Subject(s) Results

Rattus norvegicus (Wistar Rat) Immediately postflight, PDL width and total cell number were decreased. Fre-
quency distributions of nuclear volume revealed that presumptive preosteoblasts

15 Flight Male (nuclei IBQ }m.rl‘s) were particularly depressed. Compared. to yivarium .controls,
frequency distributions of nuclear volume revealed a relative increase in smaller

Ground-Based Controls nuclei (E 80 pm™) at the expense of these larger nuclei. No significant differ-

15 Vivarium, 15 Synchronous ences in interzone mean nuclear volumes were observed for the groups sacrificed
at six and twenty-nine days postflight. This study suggests that depleted numbers

) of preosteoblasts may be an important factor in the arrest of bone formation
Key Flight Hardware during weightlessness. Data are consistent with either a defect in proliferation
Cosmos 1129 Russian Hardware Suite and/or differentiation. Additional cell kinetic studies utilizing *H-thymidine are

needed to define the mechanism of this important aerospace problem.
More Information
Mission p. 139-44; Publications p. 427-8; Hardware p. 456
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Title of Study

Objectives/Hypothesis

Quantitative Analysis of Selected Bone Parameters: Supplemental Report
2: Bone Elongation Rate and Bone Mass in Metaphysis of Long Bones

Science Discipline

Musculoskeletal
Investigator Institute
W.S.S. Jee University of Utah

Co-Investigator(s)

Institute

The purpose of this study was to determine whether bone elongation rate and bone
cell number in the metaphysis of long bones were altered by Cosmos 1129 space
flight. An attempt was made to measure the rate of bone elongation directly in
the proximal tibial and humeral metaphysis by the use of tetracycline labeling.

Approach or Method

Kimmel, D.B.
Smith, C.
Dell, R.B.

Research Subject(s)

University of Utah
University of Utah
University of Utah

The proximal tibial and humeral metaphysis from groups of animals sacrificed at
recovery (R-0) and six (R+6) and twenty-nine days (R+29) postflight was measured
using quantitative light microscopic techniques. One section of the proximal
humerus of each animal was randomly selected. The following parameters were
calculated for each band analyzed in the metaphysis: fractional bone and frac-
tional calcified cartilage volumes; osteoblast, osteoprogenitor cell, and osteoclast
nucleus numbers; ratios of osteoblast, osteoprogenitor cell, and osteoclast nuclei to
surface area of bone; and fractional fatty marrow volume.

Results

Rattus norvegicus (Wistar Rat)
15 Flight

Ground-Based Controls

15 Vivarium, 15 Synchronous

Key Flight Hardware

Cosmos 1129 Russian Hardware Suite

More Information

Mission p. 139-44; Publications p. 428; Hardware p. 456

The study demonstrated a reduction in bone and calcified cartilage volume in
flight and synchronous animals, in a region of the metaphysis where a maximum
of calcified tissues was seen in vivarium controls. This was associated with a
decreased number of functional bone cells (osteoblasts and osteoclasts) in both
flight and (probably) synchronous groups. It was also clear that the metaphysis
had returned to normal by the end of the 29-day recovery period. The fatty mar-
row volume was increased only in flight groups R-0 and R+6, but was normal in
R+29 animals. The decreased amount of bone and calcified cartilage is believed
to be the result of a temporarily slowed or arrested production of calcified cartilage
as a substrate for bone formation. This would have resulted from slowed bone
elongation during flight and synchronous control conditions. Since the synchro-
nous group seemed to show significant changes quite similar to the flight animals,
this data indicate that the general stress as well as the flight itself had an effect
on the rate of bone elongation.

Appendix I: Experiment Descriptions
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I Cosmos 1129 / Bion 5 C1129-3.4

Title of Study

Objectives/Hypothesis

Quantitative Analysis of Selected Bone Parameters: Supplemental Report
3A: Trabecular Spacing and Orientation in the Long Bones

Science Discipline

Past data suggest mineral loss is prevalent in weight-bearing bones following space
flight. The primary goal of this research was to quantitatively determine, by
optical diffraction techniques, changes in trabecular spacing (area density) and
orientation under effects of weightlessness. One major goal of the research was
to study changes throughout the area and height of both primary and secondary
spongiosa in a trabecular region which is primarily weight bearing.

Musculoskeletal

Investigator Institute

M.M. Judy Baylor University Medical Center

Co-Investigator(s) Institute Approach or Method

none Optical diffraction measurements were employed to determine the magnitude of

Research Subject(s)

changes in mean trabecular spacing and in mean trabecular orientation. The tra-
becular region immediately below the inferior-directed convexity of the cartilage
growth plate, which is functionally related predominantly to sustaining mechan-
ical forces of weight bearing and locomotion, was studied.

Results

Rattus norvegicus (Wistar Rat)
7 Flight Male

Ground-Based Controls

7 Vivarium

Key Flight Hardware

Cosmos 1129 Russian Hardware Suite

More Information

Mission p. 139-44; Publications p. 428; Hardware p. 456

Values of the ratio of mean trabecular spatial density, in a region 300 pm distal to
the downward convexity in the cartilage growth plate, to the value adjacent to the
plate, were significantly smaller (p £ 0.2) for the flight animals than values for
vivarium control animals. No significant differences were found in proximal
regions, or detected in mean trabecular orientation. The increase in the ratio of
trabecular spacing at 300 pm distal to that at the cartilage plate in the flight ani-
mals means that the linear trabecular density at this distance decreased under the
reduced loading of weightlessness. Decreased values of trabecular spatial density,
and of both osteoblastic activity and trabecular cross-sectional area noted in
collateral research, suggest decreased modeling activity under weightlessness.
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Title of Study

C1129-3.5

Objectives/Hypothesis

Quantitative Analysis of Selected Bone Parameters: Supplemental Report

3B: Mineralization in the Long Bones

Science Discipline

Musculoskeletal

Investigator Institute

J.L. Matthews Baylor University Medical Center

Co-Investigator(s) Institute

The major objectives of this experiment were: 1) a microscopic study of growth
plates and metaphyseal trabeculae to assess the type and functional state of bone
cells and to characterize the zone of calcification of the cartilaginous growth and
2) an optical birefringent study of the trabeculae in order to assess trabecular num-
ber, size, shape, and orientation, as it is presumed that this metabolically active
bone will reflect subtle changes that may result from a zero-gravity condition.

Approach or Method

none

Research Subject(s)

Thin slices (< 1 pm) of tibial metaphysis and epiphyseal growth plate were exam-
ined with a transmission electron microscope. A check list of cell organelles,
inclusions, and ultrastructural features were used during examination of all tissue
sections in an effort to give a complete descriptive profile of the bone cells and
matrix of representative sections of all experimental bones.

Results

Rattus norvegicus (Wistar Rat)
7 Flight Male

Ground-Based Controls

7 Vivarium, 7 Synchronous

Key Flight Hardware

Cosmos 1129 Russian Hardware Suite

More Information

Mission p. 139-44; Publications p. 428; Hardware p. 456

Differences noted in osteoblasts of flight animals include: a reduced nucleolus
(78%); an increase in heterochromatin; dispersion of Golgi components; a reduc-
tion in number but increase in size of Golgi vesicles (a result of fusion?); reduc-
tions in rough surfaced endoplasmic reticulum, the number and size of rough
endoplasmic reticulum cysternae, and evidence of pinocytotic activity; as well as
an overall flattening of the cell to characterize a decrease in cell metabolic
activity, particularly its protein synthesizing and secreting activity. Reduction of
new mineral nodules and irregularity of mineral surface contour suggest that the
newly secreted osteoid was immature. Large number of nuclei per cell, reduction
in brush border and cytoplasmic vacuoles in the flight group are indicative of a
reduction of activity for each osteoclast. Some resorption activity was noted,
however, and shallow matrix cavities in flight bone were observed. Whether each
clast ultimately resorbs the same bone volume, simply requiring more time, will
have to be established by double tetracycline studies.

Appendix I: Experiment Descriptions
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Title of Study

Objectives/Hypothesis

Vertebral Body Strength of Rat Spinal Columns

Science Discipline

This investigation undertook a comparative analysis of biomechanical property
data of rat vertebral bodies following space flight exposure. This study was to shed
light on the effects of environment, relative vertebral body position, and loading
rate on groups of rats sacrificed immediately at spacecraft recovery (R-0), and six
(R+6) and twenty-nine days (R+29) postflight.

Musculoskeletal

Investigator Institute

L.E. Kazarian Air Force Aerospace Medical Research

Laboratory

Co-Investigator(s) Institute Approach or Method

none Vertebral centra properties were determined by subjecting the specimens to simple
compression loading; a screw gear test machine applies a load in compression by
the motion of a movable crosshead. The values of stiffness, ultimate load, dis-
placement to ultimate load, and energy to ultimate load were analyzed by analysis
of variance (ANOVA) and Duncan’s Multiple Range test.

Research Subject(s) Results

Rattus norvegicus (Wistar Rat) At R+0 in the flight animals, all of the properties showed that the vertebral body
exhibits an increasing susceptibility to fracture. This reduction of bone strength

25 Flight Male was not homogeneous and dependent on vertebral level. The R+6 recovery data

Ground-Based Controls

25 Vivarium, 25 Synchronous

Key Flight Hardware

Cosmos 1129 Russian Hardware Suite

More Information

Mission p. 139-44; Publications p. 428; Hardware p. 456

were inconclusive since they varied above and below the R+0 data. At R+29,
ultimate load values showed a statistically significant increase in bone strength
approaching that of the vivarium group. The results relating to the synchronous
group were not consistent, in that at the end of the 29-day recovery period, the
ultimate load data, in some cases, was greater than the ultimate load data of the
vivarium.
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I Cosmos 1129 / Bion 5 C1129-5

Title of Study Objectives/Hypothesis

Automatic Analysis of Muscle Fibers from Rats Subjected to Spaceflight Space flight and microgravity are known to produce systemic and metabolic
changes in animals and humans. Even though the effects of weightlessness in
various organ systems are well described, the pathophysiological mechanism is
largely unknown. In this experiment, muscle size and fiber type distribution were
studied in the extensor digitorum longus (EDL) muscles.

Science Discipline

Musculoskeletal

Investigator Institute

K.R. Castleman Jet Propulsion Laboratory

Co-Investigator(s) Institute Approach or Method

Chui, L.A. University of Southern California Muscle histochemistry of flight and control animals were analyzed in the Medical

Van Der Meulen, J.P. University of Southern California Image Analysis Facility at the Jet Propulsion Laboratory, which includes a micro-
scope-mounted television camera capable of converting the specimen image into
numerical form for computer processing. The computer program isolates the
individual fibers, and measures the area, perimeter, and average optical density of
each. A scatter plot is then produced showing how the fibers are distributed in
diameter and optical density. Individual and mean fiber area were also printed
with the program.

Research Subject(s) Results

Rattus norvegicus (Wistar Rat) Both fast-twitch and slow-twitch fibers showed a significant reduction in fiber

25 Flight Male area. With only two exceptions, the proportion of slow fibers was reduced by

space flight. The ratio of slow fiber area to fast fiber area was lower in the flight
groups, indicating that slow fibers suffer size loss more than do fast fibers. These
— results appear to give a snapshot of how muscle physiology adapts to the space

25 Vivarium, 25 Synchronous flight environment. Hypogravity produces an insufficient loading mechanism,
leading to hypokinesia and hypodynamia. This, in turn, produces trophic changes,
particularly in antigravity muscles (or slow twitch oxidative fibers), decreased
protein metabolism, negative nitrogen balance, etc., producing muscle atrophy as
the final result. Slow fibers, important in maintaining posture against gravity, are
of little use in space, and their size, and even proportion, were reduced by the
More Information adaptation process. Fast fibers also suffered a disuse atrophy, but to a lesser extent

Mission p. 139-44; Publications p. 429; Hardware p. 456 since they are used for locomotion.

Ground-Based Controls

Key Flight Hardware

Cosmos 1129 Russian Hardware Suite
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I Cosmos 1129 / Bion 5 C1129-6.1

Title of Study

Objectives/Hypothesis

The Effect of Spaceflight on Osteogenesis and Dentinogenesis in the

Mandibles of Rats

Science Discipline

Musculoskeletal

Investigator

Institute

D.J. Simmons

Co-Investigator(s)

Washington University School of
Medicine, St. Louis

Institute

Efforts to understand how prolonged space flight effects changes in calcium
homeostasis and bone formation-resorption have been pursued on past Cosmos
missions. This study examines the effect of space flight on the integrated growth
and remodeling of a non-weight bearing bone, the mandible and teeth, to deter-
mine how microgravity affects tissues in a skeletal element which is only supplied
with a large antigravity muscle (masseter).

Approach or Method

Russell, J.E.
Winter, F.
Rosenberg, G.D.
Walker, W.V.

Research Subject(s)

Washington University, St. Louis
Washington University, St. Louis
Indiana/Purdue University

Washington University, St. Louis

Animals were injected with 1.0 mg/kg body weight of Declomycin to mark form-
ing and mineralizing surfaces of bone and dentin, three days prior to loading.

The left jaw was divided into three regions: premolar, molar, and postmolar. All
sections were examined by UV microscopy to reveal the distribution of tetracyc-
line time markers. Dentinogenesis was estimated in the portion of the mandib-
ular incisor that lay within the diastema. Polished slabs of the lower incisors were
scanned to measure local variations in calcium, phosphorus, and sulfur.

Results

Rattus norvegicus (Wistar Rat)

18 Flight

Ground-Based Controls

Male

7 Vivarium, 12 Synchronous

Key Flight Hardware

Cosmos 1129 Russian Hardware Suite

More Information

Mission p. 139-44; Publications p. 429; Hardware p. 456

The total calcium, inorganic phosphorus, and hydroxyproline levels in the jaws
and incisors of the flight rats were normal. Gravity-density fractionation studies
suggested, however, that space flight caused a delay in the normal maturation of
bone and mineral matrix; these values were normalized at R+6 and were fully
corrected by R+29. The teeth were spared. The circadian and ultradian patterns of
calcified dentin were normal during space flight and recovery periods, but the
enamel rhythms displayed a greater amplitude of sulfur concentrations and thus
abnormal calcium/sulfur ratios during exposure to microgravity. The only de-
rangements detected were in the quality of the matrix and mineral moieties. The
highest density fractions of the flight rat bones had 30% less mineral and collagen
than the corresponding fractions from the control rat bone. These changes sug-
gest that there was a delay in the maturation of collagen (a lack of intramolecular
cross-links?) and apatite mineral in the flight animals.
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I C0smos 1129 / Bion 5 C1129-6.2

Title of Study

Objectives/Hypothesis

The Effect of Spaceflight on Osteogenesis and Dentinogenesis in the
Mandible of Rats: Supplement 1: The Effects of Spaceflight on Alveolar
Bone Remodeling in the Rat Mandible

Science Discipline

Under space flight conditions, and assuming animals are eating normally, alveo-
lar bone should be subjected to only slightly different mechanical conditions,
which should not induce marked changes in bone remodeling if all other meta-
bolic conditions are unchanged. On the other hand, if the changes observed in
the long bone are due totally or in part to systemic changes, alveolar bone remod-
eling should also be affected, and even more markedly considering its high nor-

Musculoskeletal
mal turnover rate.
Investigator Institute
P. Tran Van Yale University School of Medicine
Co-Investigator(s) Institute Approach or Method
Vignery, A. Yale University School of Medicine The molar area was dissected from the right lower jaw and embedded without de-
Baron. R. Yale University School of Medicine calcification. Horizontal sections (4 pm) from the cervix to the apex of the root

Research Subject(s)

were prepared with a microtome. Sections from middle part of the buccal root of
the first molar were stained for examination, one section out of every five of
these was prepared for fluorescent microscopic analysis. A technique of dynamic
histomorphometry was used to determine the extent and duration of each phase in
the bone remodeling sequence, the mean calcification rate, and the amount of
bone mineralized per day.

Results

Rattus norvegicus (Wistar Rat)

18 Flight Male

Ground-Based Controls

18 Vivarium, 18 Synchronous

Key Flight Hardware

Cosmos 1129 Russian Hardware Suite

More Information

Mission p. 139-44; Publications p. 429; Hardware p. 456

The results obtained showed the absence of effects of space flight upon the bal-
ance between bone formation and resorption. There was, however, a slight but
constant decrease in the alveolar bone turnover rate. This decreased remodeling
activity, although present in the synchronous animals, was significantly lower in
the flight animals, even after a three-week recovery period. In terms of bone
remodeling activity, results indicated a decrease in the birth rate of new Basic
Multicellular Units (BMU) at the tissue level rather than an abnormal activity at
the BMU or the cellular levels. The most dramatic effect of space flight was
observed along the periosteal surface, and especially in areas not contiguous with
(covered with) masticatory muscles, where bone formation almost stopped com-
pletely during the flight period. As this bone was submitted to the same mechan-
ical forces in the flight animals and controls, it was concluded that factors other
than mechanical loading might be involved in the decreased bone formation

during space flight.

Appendix I: Experiment Descriptions
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I Cosmos 1129 / Bion 5

Title of Study

C1129-7

Objectives/Hypothesis

Bone Resorption in Rats During Spaceflight

Science Discipline

Musculoskeletal
Investigator Institute
C.E. Cann University of California, San Francisco

Co-Investigator(s) Institute

Calcium metabolism is altered in weightlessness. In humans, bone loss occurs
and urinary calcium output is increased. Experiments on previous Cosmos flights
have shown that bone formation in the tibia is depressed in young, growing rats,
but no direct information has been obtained about bone resorption, or any of the
other calcium metabolic parameters such as excretion, absorption, or net calcium
balance. The basis of the present study was to determine the response of calcium
homeostasis and bone to weightlessness.

Approach or Method

Adachi, R.R. NASA-Ames Research Center

Research Subject(s)

Calcium tracer kinetic methods were used in this study. In the normal situation,
both bone and dietary calcium are made up of natural calcium, and thus are
labeled with stable isotopic tracers such as *Ca. If one removes *Ca from the
diet, however, then dietary calcium is distinguished from bone calcium by lack of
this tracer. This is done by replacing natural dietary calcium with isotopically-
separated ~100% *“Ca. As calcium is excreted from the serum, it is replaced by
calcium coming from both bone and diet. As the only source of **Ca is the bone,
the amount found in serum represents the fraction of calcium turnover coming
directly from bone. Animals were started on the tracer diet at the time of loading
into flight hardware. Specimens received from the Soviets following flight were
the rib cage (left and right) from each animal and approximately 50% of each
two-day excreta collection from each animal. The muscle from each rib cage was
used as an indicator of tracer activity in the serum.

Results

Rattus norvegicus (Wistar Rat)

5 Flight Male

Ground-Based Controls

5 Synchronous

Key Flight Hardware

Cosmos 1129 Russian Hardware Suite

More Information

Mission p. 139-44; Publications p. 430; Hardware p. 456

Bone resorption expressed as the fraction of exchangeable calcium pool coming
from bone was 0.690 + 0.089 in the flight animals versus 0.675 + 0.085 in synchro-
nous controls, measured at the end of the flight period. Bone resorption rate at
the end of the flight period was 15.7 mg Ca/day in flight rats and 20.2 mg Ca/day
in the controls. It is significant that resorption normalized by calcium turnover
does not decrease during flight, so that the decrease seen in the bone resorption
rate is probably secondary to a decrease in total calcium turnover. Of particular
interest may be the fact that while bone resorption rate decreased during flight, it
was still 75-80% of normal at the end of the flight. This may indicate that bone
loss on even longer flights will continue. The continual imbalance of bone forma-
tion and breakdown, and the large excretion of other minerals (sodium, potassium)
from the body indicate that mineral homeostasis does not adapt to weightlessness.
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I Cosmos 1129 / Bion 5

Title of Study

C1129-8.1

Objectives/Hypothesis

Long-Term Effects of Weightlessness on a Biological System

Science Discipline

Plant Biology

Investigator Institute

R. Baker Colorado State University

Co-Investigator(s) Institute

Plants orient to the direction of the gravitational field and contain supporting
structures made necessary by the presence of gravity. Even so, only two gross
responses of plants to gravity are known. The first is geotropism; the second is
related to the increased metabolic activity associated with gravity compensation.
This experiment undertook the development of a biological system with the
capacity to investigate the long-term effects of weightlessness on plant metabo-
lism, cellular and tissue morphology, and physiology.

Approach or Method

Hendrix, J. Colorado State University

Curtis, C.R. University of Delaware

Research Subject(s)

A system involving the generation of crown gall tumors induced by Agrobacter-
ium tumefaciensConn. on root disks of carrot was developed. Inoculated disks were
incubated at 25°C for 72 hours to allow initiation of tumors, and chilled to 4°C to
arrest growth until launch. Measurable parameters of responses to gravity com-
pensation were established in ground based experiments (gravity compensated) and
both flight and ground specimens were studied by carbohydrate analysis. Sugars
were extracted from freeze-dried disks, and the dilution factor and disk weight
were accounted for when calculating the final concentration of reducing sugars
present in the carrot disk. For non-reducing sugars, values obtained from reduc-
ing sugars was subtracted from values calculated from a second aliquot. Starch
was determined from shredded disk samples.

Results

Daucus carota (Carrot) inoculated w/Agrobacterium tumefaciens
2 Flight Containers (16 disks/canister)

Ground-Based Controls

Synchronous; Vertical Rotated; Horizontal Rotated; Vertical Clinostat;
Horizontal Clinostat (gravity-compensated)

Key Flight Hardware

Carrot Tissue Containers: Tumor Growth Container II; Temperature
Recording System

More Information

Mission p. 139-44; Publications p. 430; Hardware p. 476-7, 552-3

Weights of tumors produced on the spacecraft were not significantly different
from those developed at 1 g. Tumors produced in gravity-compensated conditions
(clinostat rotation), however, were significantly larger, which confirms previous
experimentation. This suggests that clinostat rotation does not simulate weight-
lessness. While orientation of cellular organelles in weightlessness may be com-
parable to that in gravity, the results indicate no increase in metabolic activity (as
reflected in tumor size). However, carbohydrate levels were found to be similar
in flight and gravity-compensated material, a surprising result, for soluble carbo-
hydrates must have been supplied to tumors for growth. Also, the change of ratios
for gravity-compensated and flight material were both positive, indicating that
soluble components were depleted relatively more than starch, while results for
stationary ground controls were negative, indicating that starch was more depleted
than soluble sugars.

Appendix I: Experiment Descriptions
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I Cosmos 1129 / Bion 5

Title of Study

C1129-8.2

Objectives/Hypothesis

Long Term Effects of Weightlessness on a Biological System-Isoenzyme

Analysis: Supplemental Report Number 1

Science Discipline

Plant Biology

Investigator Institute

C.R. Curtis University of Delaware

The main objective of the gel electrophoresis study was to determine if weight-
lessness or other gravity treatments altered the isoenzyme profile of crown gall
tumors. This objective was extended to include nontumored cortex and stele
tissue. Although tumor growth in weightlessness was minimal, and the amount of
material available for study was limited, it was decided to proceed with electro-
phoretic analysis where a sufficient amount of tumor tissue was available.

Approach or Method

Co-Investigator(s) Institute
Podleckis, E.V. University of Delaware
Golt, C.M. University of Delaware

Research Subject(s)

A system involving the generation of crown gall tumors induced by Agrobacter-
ium tumefaciensConn. on root disks of carrot was developed, which was responsive
to gravity treatments. Lyophilized carrot disk samples and frozen tumor samples
were weighed and ground; the homogenate was centrifuged; and the supernatant
served as the sample for electrophoresis. Protein concentrations were estimated
by spectrophotometric protein assay. Isoenzyme patterns were examined after
isoelectric focusing of samples in polyacrylamide gel cylinders. Gels were then
stained for general proteins, esterase, acid phosphatase, and peroxidase.

Results

Daucus carota (Carrot) inoculated w/Agrobacterium tumefaciens
2 Flight Containers (16 disks/canister)

Ground-Based Controls

Synchronous; Vertical Rotated; Horizontal Rotated; Vertical Clinostat;
Horizontal Clinostat (gravity-compensated)

Key Flight Hardware

Carrot Tissue Containers: Tumor Growth Container II; Temperature
Recording System

More Information

Mission p. 139-44; Publications p. 430; Hardware p. 476-7, 552-3

Several repeated electrophoretic trials failed to yield consistent results with gen-
eral protein stains. Similarly, peroxidase isoenzyme patterns were difficult to
assay because of a high degree of background interference in the gels. Six major
bands of esterase activity were found in all tissues. When the approximate pH
values were determined from 1 mm sliced gels, a linear regression was apparent
as the pH value for each band changed slightly, with values ranging from 5.36 to
4.38. Although the disk tissue was separated into cortex and stele, the esterase
pattern was unchanged. The gravity treatments did not appear to affect the ester-
ase enzyme pattern. No other conclusions could be made from the protein,
peroxidase and acid phosphate data because of a lack of sufficient material for
complete analysis, non-uniform condition of the material, and inconsistent
results.
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Title of Study

C1129-9

Objectives/Hypothesis

Growth and Development of Carrot Cells and Embryos in Space

Science Discipline

Plant Biology

Investigator Institute

A.D. Krikorian State University of New York at Stony
Brook

Co-Investigator(s) Institute

A major area of research in space biology has been to ascertain whether plant
development can proceed normally and consecutively in the weightless state,
especially the salient feature in which a cell gives rise to a multicellular unit and
thence to an embryo with shoot and root growing regions. In this study, morpho-
genetically competent pro-embryonic cells and well developed somatic embryos of
carrot at two levels of organization were exposed for 19.5 days to a hypogravity
environment.

Approach or Method

Dutcher, F.R. State University of New York
Quinn, C.A. State University of New York
Steward, F.C. State University of New York

Research Subject(s)

Carrot cells in petri dishes in special canisters exposed to weightlessness were
compared to those maintained on Earth. Cultures were chilled to 4°C to arrest
growth until lift-off, and temperatures were recorded to provide the inflight tem-
perature profile. Postflight, materials were maintained at 4°C until arrival in the
U.S., where they were examined, photographed, and fixed with glutaraldehyde.
Methods of counting and scoring embryonic units, and rearing plantlets to
maturity were followed.

Results

Daucus carota (Carrot)
2 Flight Containers (~900 embryos/ container)

Ground-Based Controls

2 Synchronous Containers (transportation control); 4 Stationary Units

Key Flight Hardware

Carrot Tissue Containers: Embryoid Container; Temperature Recording
System

More Information

Mission p. 139-44; Publications p. 430; Hardware p. 476-7, 552-3

There was no detectable difference between the subsequent ability of any of the
stages of embryos or plantlets which had developed in space to continue their
course of growth and development. It was confirmed that cultured totipotent cells
of carrot can give rise to embryos with well-developed roots and minimally devel-
oped shoots. It was also shown that the space hypogravity environment could
support the further growth of already organized later somatic embryonic stages
and give rise to fully developed embryo-plantlets with roots and shoots. It should
be emphasized, though, that carrot materials flown necessarily had prior exposure
to 1 g conditions. Tests must be made to dispose of any possibility that the free
cells that organize in space into embryos (and embryos into plantlets) need to have
had a recent “experience” and consequent “memory” of growth and development
under 1 g for their later successful development in microgravity.

Appendix I: Experiment Descriptions
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I Cosmos 1129 / Bion 5 C1129-10

Title of Study Objectives/Hypothesis
Space Radiation Dosimetry Aboard Cosmos 1129: U.S. Portion of the The purpose of this experiment was to provide a comprehensive picture of the
Experiment radiation exposure experienced by the Cosmos 1129 spacecraft and its contents.

The measurements included and distinguished between the low- and high-LET
radiation components, and also provided an approximate determination of the
Science Discipline neutron exposure.
Radiation/Environmental Health

Investigator Institute

E.V. Benton University of San Francisco

Co-Investigator(s) Institute Approach or Method

Henke, R.P. University of San Francisco Detectors were placed inside and outside the spacecraft hull. Included were stacks
Frank. A.L. University of San Francisco of plastic nuclear track detectors (PNTDs) for measurements of high-LET par-

! C.S Uni ‘v of San Francisc ticles (Z 6), fission-foil detectors for neutron measurements, and thermolumi-
Johnson, C.S. DIVersity of >an rrancisco nescent detectors (TLDs) for measurement of total doses due to charged particles
Etter, E. University of San Francisco and gamma rays.

Tran, M.T. University of San Francisco

Cassou, R.M. University of San Francisco

Research Subject(s) Results

Not Applicable The high-LET particles registered, given as Z spectra and LET spectra, were

translated into rem dose as a function of LET. The total accumulated doses for
the particles (LET > 100 keV/pm) were 9.9 mrem inside and 25 mrem outside the

Ground-Based Controls spacecraft. The thermal, resonance, and high-energy neutron doses were found to

be 0.52, 7.4, and 125 mrem, respectively, and the interior TLD dose was 347
mrad. The estimated error for this value is + 50% and results from an uncertainty
in the correct background subtraction for the dosimeters due to an unexplained
Key Flight Hardware spurious irradiation of all the detectors.

Not Applicable

Radiation Detectors: Cosmos 1129 Radiation Detector Packets, Cosmos
1129 Corner Stacks

More Information
Mission p. 139-44; Publications p. 430-31; Hardware p. 528-31
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Title of Study

Objectives/Hypothesis

Studies of Specific Hepatic Enzymes and Liver Constituents Involved in
the Conversion of Carbohydrates to Lipids in Rats Exposed to Prolonged
Spaceflight

Science Discipline

Regulatory Physiology

Examination of liver, blood, muscle, and skeletal tissues from rats aboard earlier
Cosmos flights indicated changes in the lipid and carbohydrate levels of these
tissues in response to space flight. These metabolic alterations, both in enzyme
levels and in hepatic constituents, appeared to be unique to the weightless con-
dition. The present study was designed to reinvestigate some of these earlier
observations and to extend the range of inquiry to include additional hepatic
microsomal and mitochondrial enzymes, as well as other liver constituents (total
lipids, triglycerides, phospholipids, and sterols) not included in the original Cosmos

Investigator Institute 936 protocol.
S. Abraham Bruce Lyon Memorial Research
Laboratory

Co-Investigator(s) Institute Approach or Method
Klein, H.P. NASA-Ames Research Center The activities of 26 enzymes concerned with carbohydrate and lipid metabolism in
Lin, C.Y. Bruce Lyon Memorial Research Lab. hepatic tissue were investigated. These activities were measured in the various
Tioranv: . . . hepatic cell compartments (i.e. cytosol, mitochondria, and microsomes). In addi-

igranyan, R.A. Institute of Biomedical Problems tion. the levels of olve ol Tinids. phospholinid olveerid hol 1

s glycogen, total lipids, phospholipids, triglycerides, cholesterol,

Volkmann, C. NASA-Ames Research Center cholesterol esters, and the fatty acid composition of the rat livers were examined
Vetrova, E.G. Institute of Biomedical Problems and quantified.

Research Subject(s)

Results

Rattus norvegicus (Wistar Rat)
25 Flight Male

Ground-Based Controls

25 Vivarium, 25 Synchronous

Key Flight Hardware

Cosmos 1129 Russian Hardware Suite

More Information

Mission p. 139-44; Publications p. 431; Hardware p. 456

The activities of most of the hepatic enzymes and liver constituents were unaf-
fected by space flight. In confirmation with Cosmos 936 results, a significant
difference was again found in the ability of flight animals to complex long-chain
fatty acids. Thus, both microsomal diglyceride acyltransferase and microsomal
cholinephosphotransferase of the flight rats showed reduced activities when
compared with the synchronous controls; however, these decreased enzyme
activities did not appear to affect the hepatic lipid values. The livers of the flight
rats had 30% more glycogen than those of synchronous controls, yet flight
animals showed no significant changes in the activities of glycogen synthesis or
of phosphorylase that could fully explain the increased glycogen contents. It
would appear that weightlessness can indeed affect metabolic pathways concerned
with lipid and carbohydrate metabolism, and that such metabolic changes are in
some cases independent of stresses, other than weightlessness, which are involved
in space flight.

Appendix I: Experiment Descriptions
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I COsmos 1129 / Bion 5 C1129-12

Title of Study Objectives/Hypothesis

Studies of the Nasal Mucosa The basis for the present study was to determine if the lesions that were seen in
the olfactory, but not respiratory, nasal mucosa of rodents in the experiment flown
onboard Apollo-17 would be repeated. A further rationale involved the fact that
the olfactory sense in rodents influences mating behavior. Thus, should these

Science Discipline lesions develop during flight, with presumably impaired olfactory sense, they

might be a contributing cause of the failure to mate seen in the rat ontogenesis

Regulatory Physiology experiment, should that indeed have been the case.

Investigator Institute

L.M. Kraft NASA-Ames Research Center

Co-Investigator(s) Institute Approach or Method

none After decalcification, each specimen (consisting of the remainder of the head
after removal of brain, pituitary, eyes and mandible) was divided coronally into
three segments, so that respiratory mucosa, predominating in the anterior, and
olfactory mucosa, more abundant in the posterior portion, could be studied without
having to make numerous serial or step sections. In evaluating the tissues micro-
scopically, slides were read without knowing the identity of the tissues until all had
been examined. Any lesions found were scored on the basis of their severity and
extent.

Research Subject(s) Results

Rattus norvegicus (Wistar Rat) Lesions similar to those in the Apollo-17 flight animals were not found, leaving

18 Flight Male/Female their etiology still in doubt. The posterior regions of the olfactory nasal mucosa of

flight rats failed to reveal any histopathological changes. However, in the anter-

Ground-Based Controls ior aspect of the nasal cavity of the flight rats, focal lesions of moderate severity

and variable extent were seen. These were consistent in character with that of a

18 Vivarium, 18 Synchronous mild virus infection, which, it is postulated, was self-limiting. The infection was
present in all groups of animals: flight, synchronous, and vivarium control. This
Key Flight Hardware is not to say that the animals are not to be considered specific pathogen free

(SPF), for it is only reasonable to expect SPF animals to become infected from
random sources after they leave the SPF environment. In any case, the results
seem to illustrate the effect that stress, as exemplified by actual or simulated space
More Information flight, may have on an enzootic infection, even though it may have been subclin-

Mission p. 139-44; Publications p. 431; Hardware p. 456 ical in character.

Cosmos 1129 Russian Hardware Suite
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Title of Study Objectives/Hypothesis

Effects of Weightlessness on Body Composition in the Rat While organisms have evolved defenses against changes in temperature, altitude,
osmotic pressure, etc., they have had no need or opportunity to evolve defenses
against changes in the chronic acceleration field (DG, gravity). Thus, it comes as
no surprise that DG perturbs body composition to a degree not seen with changes
in most other environmental factors. As weightlessness represents a virtual
extinction of the acceleration field, it is of basic physiological interest and has
obvious applicability to space medicine. This study sought to characterize the body
composition responses of the adult rat to weightlessness of 18.5 days duration.

Science Discipline
Regulatory Physiology

Investigator Institute

G.C. Pitts University of Virginia

Co-Investigator(s) Institute Approach or Method

Ushakov, A.S. Institute of Biomedical Problems Dissection involved separation and weighing of fifteen individual organs and sys-
Pace, N. University of California, Berkeley tems. A!iquots were a.nalyzed for nitrogen, potassium, phosphorus, magnesium,
Smith, A.H. University of California, Davis and sodium. Determination of water content (freeze-drying) and fat content

(Soxhlet extraction) were carried out separately on three major body compart-
Smirnova, T.A. Institute of Biomedical Problems ments: skinned, eviscerated carcass (musculoskeletal system); skin; and all other
components pooled designated “viscera”). The following calculations were also
employed: Net body mass = total body mass - fur, gut content, and urine; Intra-
cellular water content = 0.73 x body cell mass; Extracellular water content = total
body water - intracellular water; Body protein = 6.25 x body nitrogen; Body cell
mass = 8.9 x body potassium; and Bone mineral = 2.93 x body calcium. Statistical
significance between groups was evaluated with the t test.

Research Subject(s) Results
Rattus norvegicus (Wistar Rat) In comparison to synchronous controls, the flight group showed: a 6.7% reduction
5 Flight Male in total body water probably attributed to a 36.2% reduction in the extracellular

compartment; reductions of 6.6% in musculoskeletal water and 17.2% in skin
water; an apparent shift of some water from skin to viscera; and a 20% reduction
in bone mineral mass. Among organ fresh masses, there was a 7.5% increase in
kidneys and a 14.0% decrease in spleen. The results support the validity of the rat
as an experimental model for gravitational studies and the usefulness of the body
Key Flight Hardware composition approach to gravitational physiology. It appears highly probable that
by the end of the 18.5-day exposure there was a steady state in body composition,
potentially regulated and characteristic of the new g level. While the reported
changes might have been greater if recorded just before re-entry (instead of 32-36
More Information hours postflight), it is believed that they reflect true effects of weightlessness. It
Mission p. 139-44; Publications p. 431; Hardware p. 456 appears reasonable, though, that the flight animals might have regained 15-20%
of their live mass in the 1.5 days being considered here.

Ground-Based Controls

5 Synchronous

Cosmos 1129 Russian Hardware Suite
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Title of Study

Objectives/Hypothesis

Cardiovascular Results from a Rhesus Monkey Flown Aboard the Cosmos
1514 Spaceflight, and Ground-Based Controls

Science Discipline

Cardiovascular/Cardiopulmonary

This flight experiment was designed to determine whether blood pressure and flow
relationships to the head change with weightlessness. The objectives of this ex-
periment were: 1) to develop a conscious rhesus monkey model to record carotid
pressure and flow in a nonstressed animal; 2) to determine the effects of weight-
lessness on pressure-flow relationships to the head; and 3) to correlate cardiovas-
cular findings with other simultaneously recorded physiologic information before,

during, and after the flight.

Investigator Institute
H. Sandler NASA-Ames Research Center
Co-Investigator(s) Institute Approach or Method
Krotov, V.P. Institute of Biomedical Problems A single cylindrical probe (CPF Cuff) containing both flow and pressure transduc-
Stone, H.L. NASA-Ames Research Center ers was chronically implanted around the left common carotid artery. Flow was
Benjamin, B. NASA-Ames Research Center Bii;ucrfﬁegtsiglf li(;g)r%leg Ejf;asgma ?rfystals.cmd the continuous wave technique.
8 , g, and after flight consisted of five minutes of con-

Hines, J.W. NASA-Ames Research Center tinuous recording every two hours. For pressure, each beat was analyzed with
Halpryn, B.M. NASA-Ames Research Center respect to value at peak systolic (maximum) and diastolic (minimum) levels.
Kulaev. B. Institute of Biomedical Problems Systolic and diastolic pressures were determined by averaging all the values

o ) ) ) detected in respective intervals. Mean blood pressure was derived as the average
Krilov, V. Institute of Biomedical Problems (integrated under the curve) for the entire twenty-beat or twenty-second interval.
Magedov, V. Institute of Biomedical Problems Carotid blood velocity was calculated as the mean, integrated area under the
Nazin, A.N. Institute of Biomedical Problems curve, for each beat, representing the sum of systolic and diastolic flow periods.

Institute of Biomedical Problems

Research Subject(s)

Results

Macaca mulatta (Rhesus Monkey)
2 Flight Male

Ground-Based Controls

2 Synchronous

Key Flight Hardware

Cardiovascular Experiment Hardware; Combined Pressure/Flow (CPF)
Cuff; Cosmos 1514 Russian Hardware Suite

More Information

Mission p. 145-52; Publications p. 431-32; Hardware p. 456-7, 470-73

The prevailing heart rates during flight (80 bpm to 130 bpm) provide evidence that
the animal model developed for this flight represents a normal (nonstressed) state
for the monkey. Relative levels of blood flow velocity and blood flow per minute
decreased during days two to three of flight and included a decrease in signal
amplitude fluctuations, suggesting that there was significant stress on the animal
during this period. On the third day, there was a relative increase in amplitude of
24-hour fluctuations for all parameters, signifying the development of circulatory
adaptive processes and associated neuroendocrine mechanisms. In summary, the
monkey demonstrated from the first hour of flight, an increase in blood pressure,
a decrease in blood flow velocity to the head, and an increase in common carotid
artery peripheral vascular resistance. Following this, compensatory mechanisms
were invoked leading to rapid adaptation of regional hemodynamics in response to
general hemodynamic changes. Cardiovascular system changes were maximal on
day two of flight, with signs of adaptation appearing on days three to five of flight.
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I CO0smos 1514 / Bion 6 C1514-2

Title of Study Objectives/Hypothesis

Early Postnatal Development of Rats Exposed In Utero to Microgravity The last trimester of the rat’s gestational period is a stage of formation and differ-
entiation of sensory and motor systems vital to early survival and postnatal matur-
ation. As part of a broad research program designed to examine the adequacy of
maternal care following space flight and evaluate the postnatal development of
the infant rats, this study represents a preliminary appraisal of the functional
status of sensory and motor systems in the infant rat. It charts some of the
fundamental landmarks of maturation during the first two to three weeks of
postnatal life.

Science Discipline
Cell/Developmental Biology

Investigator Institute

J.R. Alberts Indiana University

Co-Investigator(s) Institute Approach or Method

Keefe, J.R. Case Western Reserve University Five pregnant rats flown on the biosatellite (embryonic days thirteen to eighteen)

Serova, L.V. Institute of Biomedical Problems were allowed to complete their pregnancies after recovery. These pups and their

Apanasenko. 7 Institute of Bi dical Probl mothers were then examined in a comprehensive, quantitative study of sensory

panasenko, Z. nstitute ol biomedical troblems and behavioral development. A microcomputer system monitored the cages 24

hours/day and recorded (each fifteen minutes) the number and duration of mater-
nal visits to the nest. Pups were inspected each day at the time of weighing to
note their general appearance and check for landmark events. Sensory tests were
performed to demonstrate the presence of functional responsiveness in selected
modalities.

Research Subject(s) Results

Rattus norvegicus (Wistar Rat) Four of the flight females had normal deliveries of live offspring postflight. The

4 Flight Mothers; 32 Flight Pups (8 per litter) Male/Female postpartum cycle of lactation and maternal behavior was displayed by all dams.

Olfactory, tactile, and vestibular perceptions were functional at birth. High fre-
quency (40 KHz) auditory detection appeared impaired, and there were signs of

Ground-Based Controls . . e . . .
possible vestibular supersensitivity. In contrast to data derived from flight animals

5 Vivarium Mothers w/Pups; 5 Synchronous Mothers w/Pups sacrificed at recovery, the anatomical and functional picture presented by this
study suggest that the five day interval between recovery and birth may have con-
Key Flight Hardware stituted an ontogenetically significant period of readaptation to gravity, during

which time compensatory alterations in development removed or repaired pertur-

Cosmos 1514 Russian Hardware Suite bations exerted by the space environment.

More Information
Mission p. 145-52; Publications p. 432; Hardware p. 456-7
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Title of Study Objectives/Hypothesis

Developmental Morphology of the Eye, Vestibular System, and Brain in If it is assumed that female mammals demonstrate adaptive physiological res-
18-Day Fetal and Newborn Rats Exposed In Utero to Null Gravity During ponses to null-gravity exposure similar to flown males, then questions of trans-
the Flight of Cosmos 1514 placental expression of a variety of systemic effects from null-gravity exposure

become highly significant in evaluating the results of developmental studies under

Science Discipline altered gravity. Such an initial study of both direct and potentially indirect trans-

placental impacts of null-gravity on neural structures during the relatively stable

Cell/Developmental Biology midlife period represents the main thrust of this experiment.

Investigator Institute

J.R. Keefe Case Western Reserve University

Co-Investigator(s) Institute Approach or Method

Alberts, J.R. Indiana University Five pregnant rats (embryonic days thirteen to eighteen) flown on the biosatellite

Krasnov, 1.B. Institute of Biomedical Problems were sacrificed at the recovery site, and the fetal heads were preserved for mor-

S ‘ . . . phological studies. Five remaining females were allowed to proceed with normal

erova, L.V. Institute of Biomedical Problems . . . .

term delivery, with selected newborns sacrificed at litter culling and postnatal days
fifteen and thirty. All heads were opened along the dorsal midline of the skull,
prior to immersion fixation in modified Karnovsky biostabilizer. Analysis focused
on the cerebral hemispheres, the peripheral vestibular apparatus and vision
organs.

Research Subject(s) Results

Rattus norvegicus (Wistar Rat) Examinations of fetal specimens revealed an effect of space flight exerted upon

10 Flight Female the normal developmental progression of neuronal maturation, reflected in the

following aspects of development: 1) the comparative overall systemic immaturity

Ground-Based Controls of the flight specimens most evident in ocular, vestibular, and cortical structures;

2) the presence of abnormal mitotic figure in or near neuronal regions displaying

10 Vivarium, 10 Synchronous high levels of neuroblast generation and migration along sustentacular elements,
such as the neuronal retina and cerebral plates; and 3) the apparent volume dis-
Key Flight Hardware turbances reflected in ocular, vestibular, cochlear and ventricular cavities, as well

as disturbances in the development of their neuronal and non-neuronal comple-
ments. No such differences could be detected in newborn, or fifteen- and thirty-
day-old pups. It is uncertain whether these effects are the result of direct exposure

Cosmos 1514 Russian Hardware Suite

More Information to the null-gravity environment or an expression of the space flight environment
Mission p. 145-52; Publications p. 432; Hardware p. 456-7 acting directly upon the dam, and indirectly, via the placenta, upon the developing
fetus.
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Title of Study

C1514-4

Objectives/Hypothesis

Synchronization of Primate Circadian Rhythms in Space

Science Discipline

Regulatory Physiology

Investigator Institute

F.M. Sulzman State University of New York

Co-Investigator(s) Institute

In natural conditions, mammalian circadian rhythms are normally externally and
internally synchronized. Whereas many researchers feel that the circadian time-
keeping system is endogenous, others argue that the timing system is exogenous,
with an organism perceiving daily timing signals such as slight variations in grav-
ity associated with the rotation of the earth. A test of this hypothesis would be to
determine if circadian rhythms persist outside of the Earth’s environment.

Approach or Method

Fuller, C.A.
Moore-Ede, M.C.
Klimovitsky, V.
Magedov, V.
Alpatov, A.M.

University of California, Riverside
Harvard Medical School

Institute of Biomedical Problems
Institute of Biomedical Problems
Institute of Biomedical Problems

Research Subject(s)

Activity was monitored via a U.S.-developed sensor attached to the monkey’s
restraint jacket, and totaled over sixteen-minute intervals and fed into a data
collection unit. Auxiliary temperature was monitored with a Soviet biotelemetry
system; transmitter output was recorded at sixteen-minute intervals on another
data collection unit. Ankle skin temperature was measured by thermistors also
developed by the U.S. and recorded on the digital data collection unit. Data were
analyzed by computer and plotted digitally. To evaluate the underlying repetitive
circadian characteristics of the data, a waveform reduction was performed.

Results

Macaca mulatta (Rhesus Monkey)

2 Flight Male

Ground-Based Controls

2 Synchronous

Key Flight Hardware

Circadian Rhythm Experiment Hardware; Cosmos 1514 Russian Hardware
Suite

More Information

Mission p. 145-52; Publications p. 432; Hardware p. 456-7, 482-3

The most significant differences from pre- and postflight values were detected in
auxiliary and skin temperatures. However, it is clear that the circadian rhythms
of activity and auxiliary temperature persist in space; there may be changes in
mean level and amplitude, but as expected, rhythmicity is still quite evident.

Ankle skin temperature displayed very little day/night variations. The auxiliary
temperature of monkeys in space appears to be maintained at an average of 0.5°
and 1.0°C lower level than on the ground. The ankle skin temperature is also low
in space, and maintained just above ambient temperature. This probably reflects a
decrease in cutaneous blood flow in space. The results of the period analyzed also
suggest that entrainment to the light-dark cycle is not as strong in space as it is on
Earth. It is possible that the non-24-hour cycle could reflect a changing waveform
in space or an alteration in the phase relationship to the light cycle, or could
indicate some sort of stress induced desynchronization.

Appendix I: Experiment Descriptions
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Title of Study Objectives/Hypothesis

Calcium Metabolism and Correlated Endocrine Measurements in Primates  The problem of calcium loss from the body during space flight had been long re-
cognized; however, little is known about the initiating mechanism of this loss.
Two hypotheses have been suggested in explanation: 1) a primary increase in bone
resorption due to decreased mechanical stress on the bone or 2) a primary renal

Science Discipline calcium leak. This experiment was to measure the initial responses of the cal-

Regulatory Physiology cium homeostatic system in nonhuman primates subjected to the space flight

environment.
Investigator Institute
C.E. Cann University of California, San Francisco
Co-Investigator(s) Institute Approach or Method
Patterson-Allen, P. NASA-Ames Research Center The basis for this study was the “tracer” technique, in which direct measurements
Adachi. R.R. NASA-Ames Research Center of changes in bone resorption are possible through isotopically labeled calcium.
Ushakov. A. Institute of Biomedical Problems Fifteen .days prior to .launch, flight and. control sub].ects were started on a diet .
‘ ' ' laced with the isotopically labeled calcium. Excretion samples were collected pre-
Kondratyev, Y.I. Institute of Biomedical Problems and postflight, and amounts of labeled calcium were detected by means of irrad-
Rakhmanov, A.S. Institute of Biomedical Problems iation. Single lateral x-rays were obtained for the right and left arms and legs of
Oganov, V.S Institute of Biomedical Problems one flight, two synchronous, and one laboratory monkey to provide high contrast
o and good radiographic detail for bone. No serum samples were received for the
flight experiment, so the planned endocrine studies were not done.
Research Subject(s) Results
Macaca Mulatta (Rhesus Monkey) Results indicate that after five days of flight, the fraction of circulating calcium
2 Flight Male that comes from the bone was increased. A major point to be noted is that, even

with a wide fluctuation in dietary calcium intake, urinary calcium output remained

Ground-Based Controls fairly constant over the two to three week period. Similar results have been noted

in immobilized monkeys. However, the very low variation when expressed as
calcium/creatinine suggests a technical explanation having to do with collection.
Gross skeletal changes were not observed, but there was a suggestion of subtle

Key Flight Hardware changes as determined from the high-quality radiographs. Qualitative assessment

2 Synchronous, 2 Laboratory

of the films for cortical porosity suggests that one of the flight monkeys may have
experienced a state of slightly increased bone turnover because of the presence of
some intracortical striations in the radial and ulnar cortex. Data indicate that the
More Information methods used to study calcium metabolism during space flight were sufficient to

Mission p. 145-52; Publications p. 432; Hardware p. 456-7 answer the questions asked.

Cosmos 1514 Russian Hardware Suite
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Title of Study Objectives/Hypothesis
Effect of Microgravity on Blood Pressure and Flow in the Common The experiment was designed to study cardiovascular changes in non-human pri-
Carotid Artery of Primates mates exposed to the microgravity environment. As the results of Cosmos 1514

indicated that significant cardiovascular changes occur during space flight, the
study conducted aboard Cosmos 1667 was to strengthen this conclusion. An addi-

Science Discipline tional feature of the experiment included a postflight control study using the flight

Cardiovascular/Cardiopulmonary animal.

Investigator Institute

H. Sandler NASA-Ames Research Center

Co-Investigator(s) Institute Approach or Method

Krotov, V.P. Institute of Biomedical Problems One {light subject, along with one half of the flight candidates, also received

Osaki. R. NASA-Ames Research Center cardiovascular (CV) pressure and flow sensor implants (CPF Cuff), and respiration

Hi NASA-Ames Research Cent sensors. Since the CV flow and pressure transducers were subject to drift with
1.nes, J. ~Ames hesearc enter variations in barometric pressure, a cross calibration method was developed. Both

Skidmore, M. NASA-Ames Research Center flight monkeys were also instrumented to record neurophysiological parameters.

Agasid, E. NASA-Ames Research Center Intermittent postural tilt tests were conducted before and after space flight and

MacKenzie. R. NASA-Ames Research Center synchronous studies to simulate the fluid shifts associated with space flight.

Bazunova, E.G. Institute of Biomedical Problems

Belgorodsky, A.O. Institute of Biomedical Problems

Estratov, Y.A. Institute of Biomedical Problems

Nazin, A.N. Institute of Biomedical Problems

Research Subject(s) Results

Macaca mulatta (Rhesus Monkey) The experiment results support the conclusion derived from Cosmos 1514 that

significant cardiovascular changes occur with space flight. The changes most
2 Flight Male clearly seen were rapid initial decreases in heart rate and further decreases with

continued exposure to microgravity. The triggering mechanism appeared to be a
Ground-Based Controls headward shift in blood and tissue volume which, in turn, triggered adaptive
cardiovascular changes. Dramatic increases in arterial pulse pressure may
indicate the inflight hemodynamic adjustments to this headward fluid shift. The
adaptive responses could be a means to maintain adequate oxygen delivery to the

2 Synchronous, 2 Vivarium

Key Flight Hardware brain under these circumstances. Adaptive changes took place rapidly and began
Cardiovascular Experiment Hardware-Mod 1; Combined Pressure/Flow to stabilize after the first two days of flight. However, these changes did not
(CPF) Cuff: Cosmos 1667 Russian Hardware Suite plateau in the animal by the last day of the mission, and heart rate and blood

More Information pressure did not demonstrate evidence of stabilization by the end of the flight.

Mission p. 153-5; Publications p. 432-3; Hardware p. 457, 472-5
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Title of Study Objectives/Hypothesis

Morphological and Biochemical Examination of Heart Tissue: 1. Effects Vascular deconditioning, which is an important medical problem, is recognized
of Microgravity on the Myocardial Fine Structure of Rats Flown on as one of the key concerns of space flight research. This loss of physiological
Cosmos 1887 - Ultrastructure Studies performance of the circulatory system is accompanied by disuse muscle atrophy

triggered by the reduced functional load of the musculoskeletal system in the

Science Discipline microgravity environment. Animal models are often used to examine disuse

atrophy because they are more amenable to morphological and biomedical
research needed to unravel the mechanisms of muscle breakdown. Using these
models, one could design preventive countermeasures. The present study seeks to

Cardiovascular/Cardiopulmonary

Investigator Institute expand this previous research.
D.E. Philpott NASA-Ames Research Center
Co-Investigator(s) Institute Approach or Method
Kato, K. NASA-Ames Research Center Tissue was obtained for study of the effects of microgravity on the myocardium.
Sapp, W. Tuskegee University The left ventricles of hearts from rats flown on the biosatellite were compared to
. . . the same tissue of synchronous and vivarium control animals using a minimum of
Popova, LA. Institute of Biomedical Problems i ' . . . .
' ‘ ' 100 electron micrographs from each animal. Volume density of the mitochondria
Serova, L.V. Institute of Biomedical Problems was determined by point counting, using 8x10 micrographs at a magnification of
Miquel, J. Linus Pauling Institute of Medicine 27,500x.
Stevenson, ]J. NASA-Ames Research Center
Research Subject(s) Results
Rattus norvegicus (Wistar Rat) Structural changes seen in the flown rats include some loss of microtubules and
. fibrillar edema that may be linked to tissue breakdown, with a concomitant in-
5 Flight Male ) . . . .
crease in osmotic pressure and fluid entry into the cells. Intermittent areas of

Ground-Based Controls missing protofibril (actin, myosin filaments) were observed in cross sections of

flight tissue which is indicative of muscle breakdown. Point counting of the mito-

5 Vivarium, 5 Synchronous chondria in the left ventricle resulted in a mean of 39.9 for the vivarium, 38.9
synchronous, and 32.5 for the flight tissue. It is clear that the volume density of
Key Flight Hardware the mitochondria in the flight group was reduced by a significant amount. Capil-

lary alterations were also seen in the flight tissue in the form of numerous endo-
thelial invaginations projecting into the lumen of the capillaries. The present data
support the view that an optimum work load imposed on the heart (i.e., moderate
More Information physical exercise at normal Earth gravity) is essential for preservation of mito-

Mission p. 156-61; Publications p. 433; Hardware p. 457 chondrial structure and function.

Cosmos 1887 Russian Hardware Suite
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Title of Study Objectives/Hypothesis

Morphological and Biochemical Examination of Heart Tissue: II. Cellular =~ The study was undertaken in order to gain insight into the mechanistic aspects of
Distribution of Cyclic AMP-Dependent Protein Kinase Regulatory Subunits  cardiac changes that both animals and humans undergo as a consequence of

in Heart Muscle of Rats Flown on Cosmos 1887 space travel. A number of physiologic changes, attributed to space travel condi-
tions in experimental animals and humans, can be the consequence of increased
circulating levels of catecholamine hormones. In this study, the cellular compart-
mentalization and biochemical localization of regulatory subunits (R-subunits) of
cyclic AMP-dependent protein kinase (cAPK) of ventricle heart tissue obtained
from space-flown rats were determined.

Science Discipline
Cardiovascular/Cardiopulmonary

Investigator Institute

M. Mednieks Northwestern University

Co-Investigator(s) Institute Approach or Method

Popova, L.A. Institute of Biomedical Problems Photoaffinity labeling with a **P-8-azido analog of cyclic AMP, and electropho-

Serova, L.V. Institute of Biomedical Problems retic separation of the proteins, was followed by autoradiographic identification of
the subcellular fraction in which the labeled R subunits are localized. Similarly,
antibodies to R-subunits were prepared and employed in an immunogold electron
microscopic procedure to directly visualize cellular compartmentalization of the
cAPK R-subunits.

Research Subject(s) Results

Rattus norvegicus (Wistar Rat) Results showed that protein banding patterns in both the cytoplasmic fraction and

5 Flich 1 in a fraction enriched in chromatin-bound proteins showed some individual

ght Male

variability in tissues of different animals, but exhibited no changes that can be
attributed to the flight. Examination of cellular localization of the isotopically
labeled R-subunits of cAPK isotopes showed no change in the distribution of RI in
either soluble or particulate fractions, whereas the presence of RII in the partic-
ulate subcellular fraction as well as in regions of nuclear chromatin was greatly
Key Flight Hardware decreased in tissues from rats in the flight group when compared to controls.
These findings indicate that a major catecholamine hormone regulated mechan-
ism in cardiac tissue is altered during some aspect of space travel.

Ground-Based Controls

5 Vivarium, 5 Synchronous

Cosmos 1887 Russian Hardware Suite

More Information
Mission p. 156-61; Publications p. 433; Hardware p. 457
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Title of Study Objectives/Hypothesis

Effect of Spaceflight on Levels and Function of Immune Cells The purpose of this experiment was to begin a systematic attempt to define the
range of immunological parameters affected by space flight. Two different areas
were chosen for study. First, the effect of space flight on the ability of cells to
respond to an external immunological stimulus was determined. Second, the

Science Discipline effects of space flight on the expression of cell surface markers of spleen and

bone marrow cells was examined. These markers represent various immunologic-
ally important cell populations; an alteration in the percentage of cells expressing
the markers could result in an alteration of the immunological function.

Immunology/Microbiology

Investigator Institute
A.D. Mandel NASA-Ames Research Center
Co-Investigator(s) Institute Approach or Method
Sonnenfeld, G. University of Louisville In the first experiment, rat bone marrow cells were examined in Moscow for their
Taylor, G. R. NASA-Johnson Space Center response to colony stimulating factor-M. In the second experiment, rat spleen

. and bone marrow cells were stained with a variety of antibodies directed against
Fuchs, B. B. Institute of Human Morphology . S .

. . o cell surface antigenic markers. These cells were analyzed using an autofluoro-
Berry, W. University of Louisville graph interfaced with a computer system.
Wellhausen, S.R. University of Louisville
Konstantinova, I. Institute of Biomedical Problems
Lesnyak, A. T. Institute of Biomedical Problems
Research Subject(s) Results
Rattus norvegicus (Wistar Rat) The results of the studies indicate that bone marrow cells from flight rats showed
5 Flight Male a lower response to colony stimulating factor than did bone marrow from control

rats. There was a higher percentage of spleen cells from flight rats staining
positively for pan-T-cell, suppressor-T-cell, and innate interleukin-2-receptor

Ground-Based Controls . . L. .
antigens than from control animals. In addition, a higher percentage of cells that

5 Basal, 5 Vivarium, 5 Synchronous appeared to be part of the myelogenous population of bone marrow cells from
flight rats stained positively for surface immunoglobulin than did equivalent cells

Key Flight Hardware from control rats. This experiment presents additional data to indicate that space

flight, even of a relatively short duration, affects certain parameters of the im-
mune system. Through this study, it was possible to demonstrate some specific
cell populations that appear to be affected by space flight.

Cosmos 1887 Russian Hardware Suite

More Information
Mission p. 156-61; Publications p. 433; Hardware p. 457
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Title of Study

Objectives/Hypothesis

Distribution and Biochemistry of Mineral and Matrix in the Femurs of
Rats

Science Discipline

Previous analyses of the composition of mineral and matrix in the bone of young
rats following space flight has revealed deficits in calcium, phosphorus, and osteo-
calcin, a noncollagenous protein, without an associated decrease in collagen. To
characterize the location and nature of this mineralization defect in a weight
bearing long bone, the femur, this study attempted to relate the spatial distribution
of mineral in situ in the proximal, central, and distal thirds of the femoral diaph-

Musculoskeletal ysis to the biochemical composition of the bone from the same areas.
Investigator Institute
S.B. Arnaud NASA-Ames Research Center
Co-Investigator(s) Institute Approach or Method
Durnova, G. Institute of Biomedical Problems Localizing mineralization activity in the diaphysis of the femur to proximal,
Mechanic. G.L. University of North Carolina central, and distal thirds was determined by chemical analysis of pooled bone

‘ . . samples. Since statistical analyses of a determination from a single pool could not
Bromage, T.G. Thci L01‘1don Hospital Medical College be done, a value two standard deviations above or below the error of the method
Buckendahl, P. University of Santa Cruz was used to denote the difference in two comparison groups (i.e., exceeding 6%
Boyde, A. University College, London for calcium, 12% for phosphorus, and 10% for hydroxyproline and osteocalcin,
Elliott, ].C. London Hospital Medical College etc.). A new technique, x-ray microtomography, with a resolution of 26 microns,

Research Subject(s)

was used to obtain semi-quantitative data on mineral distribution in reconstructed
sections of wet whole bone.

Results

Rattus norvegicus (Wistar Rat)

6 Flight Male

Ground-Based Controls

6 Basal, 6 Vivarium, 6 Synchronous

Key Flight Hardware

Cosmos 1887 Russian Hardware Suite

More Information

Mission p. 156-61; Publications p. 433-4; Hardware p. 457

Biochemical analyses revealed lower concentrations of calcium, phosphorus, and
osteocalcin, but not collagen, in the distal half of the diaphysis of flight animals
compared to synchronous controls. Collagen concentration was reduced only in
the proximal half of the diaphysis. X-ray microtomography indicated a longi-
tudinal gradient of decreasing mineralization toward the distal diaphysis similar to
the biochemical analysis. Image analysis of cross-sections by backscattered
electrons in a scanning electron microscope revealed patterns of mineral distri-
butions that varied with the site of the section in flight and synchronous controls.
Circulating parameters of skeletal metabolism revealed differences in serum
calcium, osteocalcin, and alkaline phosphatase in the flight groups suggestive of
steroid hormone excess, a phenomenon supported by the finding of enlarged
adrenal glands.

Appendix I: Experiment Appendix
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Title of Study Objectives/Hypothesis
Biomedical, Biochemical, and Morphological Alterations of Muscle and In consideration of the differences between the rodent experiments on U.S.S.R.
Dense, Fibrous Connective Tissues During 14 Days of Spaceflight and U.S. space flights, this experiment was designed to generate comparative data

about the sensitivity of cortical bone (humerus) and trabecular bone (vertebral, T7)
to caging environment, diet, and rat strain differences. Specifically this study

Science Discipline provided data regarding the biochemical, biomechanical, and morphological

characteristics of selected connective tissues (humerus, vertebral body, tendon,

Musculoskeletal and skeletal muscle) for growing rats, maintained under different feeding and
) ) caging conditions (including weightlessness).

Investigator Institute

A.C. Vailas University of California, Los Angeles

Co-Investigator(s) Institute Approach or Method

Kaplansky, A. Institute of Biomedical Problems Studies of biochemical, biomechanical, and morphological characteristics of

Zernicke, R. University of California, Los Angeles selected connective tissues (humerus, vertebral body, tendon, and skeletal muscle)

Grindeland. R NASA-Ames Research Center were performed on flight and control animals. Additionally, for two weeks, male

> Taconic-Sprague Dawley and Czechoslovakian-Wistar rats were maintained in

flight simulation cages (one rat/cage=U.S.; ten rats/cage=U.S.S.R.) and fed
U.S.S.R. or U.S. diets to compare different combinations of dietary and caging
procedures (U.S. diet in U.S.S.R. cage, U.S.S.R. diet in U.S. cage, etc.).

Research Subject(s) Results

Rattus norvegicus (Wistar Rat) Using the basal group for comparison, during the 12.5-day period, the humeral

4 Flight Male lengths increased 4.2% for vivarium controls, 1.4% for synchronous controls, and

0.04% for flight rats. The average flexural rigidity (bending stiffness) of flight

Ground-Based Controls humeri were significantly less than the vivarium (40%) and synchronous (35%)

controls, but the average flexural rigidity of the flight humerus was not different

5 Basal, 4 Vivarium, 5 Synchronous from the basal control group. The flight group had an average ventral body (L6)
compressional stiffness that was 39% less than vivarium, 46% less than synchro-
Key Flight Hardware nous, and 16% less than basal controls. There seemed to be no significant effect

upon the collagen concentration in various types of skeletal muscles. On average
all rats increased (>60%) their body mass, and there were no differences among
humeral lengths for different groups. The vertebra (T7) displayed no significant
More Information structural differences, but material properties were influenced by all three factors;
Mission p. 156-61; Publications p. 434; Hardware p. 457 generally, the combination of factors that produced significantly greater material
properties were U.S.S.R. caging and diet, and the Wistar rat strain.

Cosmos 1887 Russian Hardware Suite
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Title of Study

C1887-5.1

Objectives/Hypothesis

Gravity and Skeletal Growth: I. Gravity and Skeletal Growth

Science Discipline

Musculoskeletal
Investigator Institute
E.M. Holton NASA-Ames Research Center

Co-Investigator(s)

Institute

Past data suggest that matrix turnover is altered during space flight which in turn
decreases the amount of bone added; either this defect alters the size of bone crys-
tals formed or the flight environment somehow impedes crystal growth independ-
ent of matrix production. This suppressed bone formation may be a major factor
in the failure of bone to increase its strength. The objectives of the Cosmos 1887
study were to continue the investigation of space flight on bone in growing rats.

Approach or Method

Berretta, D.
Doty, S.
Roberts, W.E.
Garetto, L.

Research Subject(s)

University of Pennsylvania

Colombia University

Indiana University School of Dentistry
Indiana University School of Dentistry

Strength tests on humeri, analysis of bone composition, including maxillae w/
teeth, calvaria, tibial shaft, and thoracic vertebra (general overview) were per-
formed. Studies also included measuring bone area, bone electrophysiology, bone
vascularity, osteoblast morphology, and osteoblast histogenesis. Electrophoresis
was used as a direct method for determining the zeta potential for particles. The
bone particle velocity was measured in a fluid with a given ion concentration
while an electric field of known amplitude was applied. The ratio a particle velo-
city to the electric field amplitude was defined as the electric mobility (EMP),
which, in turn, was proportional to the zeta potential.

Results

Rattus norvegicus (Wistar Rat)

10 Flight

Ground-Based Controls

Male

10 Basal, 10 Vivarium, 10 Synchronous

Key Flight Hardware

Cosmos 1887 Russian Hardware Suite

More Information

Mission p. 156-61; Publications p. 434; Hardware p. 457

The flight group lost an average of 13 g over a twenty-day period compared to the
basal group (-0.65 g/day). Visual observations of tibial cross sections under bright-
field or polarized light did not show any obvious differences. The synchronous
and vivarium control groups have very similar EPMs while the basal group is
slightly less electronegative and the flight group is more electronegative than the
controls. The synchronous animals, which gained the most weight, had essen-
tially normal zeta potential values, while the flight group had a more negative
potential, indicating net bone formation, than all other groups. Interestingly, the
potential in the flight rats is in the opposite direction of osteoporotic bone (that is,
more negative rather than more positive EPM values). Whether the value reflects
increased matrix synthesis during flight or postflight recovery is not known.

Appendix I: Experiment Appendix
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Title of Study

Objectives/Hypothesis

Gravity and Skeletal Growth: II. Morphology and Histochemistry of Bone
Cells and Vasculature of the Tibia from Cosmos 1887

Science Discipline

In a previous study of animals from Spacelab-3, the osteoblast appeared to be
slightly smaller in size following seven days of flight. These osteoblasts were
found along the endosteal surface of the diaphyseal bone and tended to have a
more uniform size as compared to osteoblasts along the trabeculae in the meta-
physeal region of long bones. Therefore, this study concentrated on the cells
found within the diaphyseal area of long bones. The objectives here were to

Musculoskeletal investigate the relationships between vascular morphology, lipid accumulation,

) _ and osteocyte and osteoblast morphology in weight-bearing long bones.
Investigator Institute
S.B. Doty Columbia University
Co-Investigator(s) Institute Approach or Method
Durnova, G. Institute of Biomedical Problems Electron microscopy, light microscopy, and enzyme histochemistry were used to
Kaplansky, A. Institute of Biomedical Problems study the effects of space flight on metaphyseal and cortical bone of the rat tibia.
Morey-Holton, E.R. NASA-Ames Research Center Following fixation and decalcification, 50 pm thick sections were obtained with a

Research Subject(s)

vibratome, and sections incubated in the various media alkaline or acid phospha-
tase, or NADPase. Staining for lipids was carried out on frozen sections of fixed
tissues and embedded vibratome sections. Morphometry was carried out on light
or electron microscopy using an interactive data analysis system.

Results

Rattus norvegicus (Wistar Rat)
10 Flight Male

Ground-Based Controls

10 Basal, 10 Vivarium, 10 Synchronous

Key Flight Hardware

Cosmos 1887 Russian Hardware Suite

More Information

Mission p. 156-61; Publications p. 434; Hardware p. 457

Light microscopy of trabecular and cortical bone and the included osteoblast pop-
ulation showed no obvious morphological differences as a result of space flight.

In the diaphyseal bone from flight animals, blood vessels near the periosteal
surface often showed very dense intraluminal deposits. Also, in the periosteal
region, many osteocytic lacunae were found devoid of osteocytes and sometimes
filled an osmiophilic substance. Flight animals contained reactive saccules which
averaged 11.3+6.1 saccules per cell, and the vivarium controls averaged 14.4+3.4
saccules per cell which contained reaction product. The vasculature of the flight
animals was definitely less reactive than the control groups. Results of other
measurements indicate that more vascular space per area of bone existed in flight
animals as compared to the simulated controls. This data suggest that a vascular
change may occur during flight which would then influence the bone forming
ability of the osteoblasts in weight-bearing bones.
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Title of Study Objectives/Hypothesis
Gravity and Skeletal Growth: III. Nuclear Volume Analysis of Osteoblast Bone is a mechanically sensitive tissue that is particularly responsive to gravita-
Histogenesis in Periodontal Ligament Cells of Cosmos 1887 Rats. tional forces. An understanding of changes in bone mass is important since it

functions not only as structural support, but also as a metabolic source of calcium.
The periodontal ligament(PDL), a well defined cell kinetic model for assessing
the proliferation and differentiation of the cells associated with osteoblast histo-

Science Discipline
2 genesis, was used to study the effect on osteoblast production.

Musculoskeletal
Investigator Institute
L.P. Garetto Indiana University School of Medicine
Co-Investigator(s) Institute Approach or Method
Roberts, W.E. Indiana Univer