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Preface

i

When the predecessor to this book, Life into Space: Space Life Sciences Experiments, Ames
Research Center, 1965-1990, was published in 1995, the editors and contract support team
breathed a sigh of relief. That effort, which profiled missions, payloads, experiments, flight hard-
ware, and science publications for a 25-year period, was a major challenge. Not only was it diffi-
cult to collect the older content, but it took several attempts to design a format that would cover
the wide range of mission, payload, and flight hardware types. Information technology was essen-
tial for the success of that effort. Use of a simple, flexible database allowed restructuring of the
content as it was acquired; this was critical for development of the book most of which consisted

of three database reports, as appendices.

- Over the same period, the NASA Life Sciences Data Archive (LSDA) program began devel-

opment of an information resource, which wouid include mission, payload, and experiment data.

for the three NASA centers sponsoring space life sciences experiments. In addition to providing
access to the results of completed flight experiments for future life sciences investigators and pay-

load developers to build on, it would allow reuse of valuable data sets and preserved biospecimens
by investigators with new-science questions, some of which would benefit from cross-mission
__analyses. Much of the format and content of Life into Space, 1965-1990 were used during the

design and implementatior of the LSDA. Information technology also drove the evolution of the
LSDA. The original CD-ROM based concept was soon overtaken by the emergence of the World
Wide Web and the LSDA became operational as a major Web site in 1995

Preface
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As we now realize, a Web site, even with integrated databases, is still not a book. The LSDA
Web site (http/Isda jsc.nasa.gov) is an excellent way to display and distribute vast amounts of *
highly formatted information and allow regular content updates. It can reach worldwide to those
who have access to the Internet. There are, however, many who still find well-organized informa-
tion that tells a story and includes a good index a very welcome guide when exploring something
new or verifying something once known. Our bookshelves are overflowing for good reason.
However, the ARC hard copy inventory of Life into Space, 1965-1990 is gone, and therefore, a
CD-ROM “book” will be made available in early 2000. It will be optimized for both on-line read- -
ing and searching, as well as outputting to a printer. As many have noted, it is not cheap to collect,
organize, and make information valuable, but once done, information technologxes make it very
cheap to reproduce and distribute.

This companion book, covering the 1991-1998 period, with brief profiles of the 1996-1998
missions, payloads, and experiments, is a joint publication of ARC and Kennedy Space Center
(KSC). KSC is now a full participant in the LSDA, so this volume includes information beginning
with their first life sciences payload in 1989. Johnson Space Center will soon publish similar books
covering human space life sciences research during the same periods addressed in the Life into
Space books. In many ways, Life into Space provided a partial foundation on which to bulld the

. initial LSDA, but now these books can be viewed as products of the LSDA content, with the goal

of educating current and future space life scientists and the many payload developers who support
them. We are very pleased to share this information with the research and education community.

Ty ’

The Editors:

Kenneth Souza, Chief, Life Smences Division, Ames Research Center , ‘
Guy Etheridge, Program Manager for Flight Experiments, Kennedy Space Center
Paul X. Ca.llflhan, Mahager, ARC Life Sciences Data Archiving Project .

-NX

]

Life into Space 1991-1998



)
N

SN

o« ¢
w e have now conducted space life sciences research for more

than four decades. The continuing interest in studying the way living sys- -

tems function in space derives from two main benefits of that research.
First, in order for bumans to engage in long-term space travel, we must
understand and develop measures to counteract the most detrimental
effects of space flight on biological systems. Problems in returning to the
conditions on Earth must be kept to a manageable leve!l. Second,
increasing our understanding of how organisms function in the absence
of gravity gives us new understanding of fundamental biological process-

es. This information can be used to improve human health and the quali-

ty of life on Earth. -
Over the past decades, scientists have discovered that space ﬂlght
has wide-ranging effects on living systems. Through millions of years of

evolution, most terrestrial organisms have adapted to function optimally -

in the presence of a constant gravitational field. The Earth’s gravitational
force generally pulls body fluids toward the lower extremities. The body
works against this force to maintain proper fluid distribution. In space,
. the absence of gravity résults in an upward redistribution of fluids. The

body interprets this as an overall increase of fluids volume, signaling
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organ systems, such as the heart and kidneys, to adjust their functiohe

accordingly. Mechanical loading of the body is nearly eliminated in’ the
microgravity of space flight. This sets in motion a cascade of changes that
affect practically every system in the body to some extent. Muscles begin
to atrophy, bones become less dense, total réd blood cell mass decreases,

» the cardiovascular system degrades, and the immune system is impaired.

Additional problems arise because gravity sensors in the vestibular
organs of the inner ear send information about body motion and position
to the brain that conflicts with visual infrmation from the eyes. As a

result, astronauts often experience dlsonentahon and nausea during

early exposure to microgravity. -,

Years of research in space have also demonstrated that plants as
well as humans and animals, are affected by space flight. Cell division
is decreased in space-grown plants.and chromosomal abnormalities
such as breakage and fusion are reported to Gecur more frequently in_
plants grown in space than in those grown on Earth. Researchers have

found that changes detected by plant gravity sensors result in alter-

ations of growth patterns, biomass production, and development in
plants during space flight. Understanding these changes is critical
because the ecoiogical life support systems needed to support humans’

-
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during future long-term space travel depend on the ability to grow
plants reliably and efficiently in space.

While NASA’s Johnson Space Center focuses on studying astro-
nauts in space, Ames Research Center (ARC) studies the effects on the
huraan body and biological systems by condu(,tmg experiments primar-
ily on animals and cellular material. 1n addition, ARC and Kennedy
.- Sp.ce Center (KSC) sponsor studies of the effects of microgravity on
plants. In the first 25 years of its life sciences program, between 1965
and 1990, ARC sponsored life sciences research on 25 space flight mis-
sions. In the five-year period since 1990, ARC sponsored 22 life sci-
ences research payloads. KSC sponsored its first life sciences payload
in 1989 and flew a total of 13 such payloads through 1995. This recent
increase in activity can be attributed to several factors. A new emphasis

on small payloads carried on the middeck of the Space Shuttle meant .

that researcheis were able to access the space environment more fre-
quently and at a lower cost. Because the time required for planning

and preparing small payloads is relatively short, researchers were able_

. to repeat or expand experiments on subsequent missions, giving them’
the opr;ortumty to increase the scientific validity of their research.
NASA expanded its collaborative life sciences research efforts with
national, international, and commercial partners during these years.
Agreements signed with_the National Institutes of Health permltted
7 scientists from the two agencies to pool their exportise “and resouirces.
International cooperation was fostered by the exchange of astronauts

between countries and by encouraging joint research. An emphasis on-

making the space environment accessible to commercial users also
allowed space life sciences research to flourish in recent years, as did

the use of biospecimen shanng programs, which provide the life sci- .

L.J

BN

4

ences cesearch community with access to blologlcal rissue samples

from space-flown organisms.

The primary goal of this book is to profile the space life sciences
research activities undertaken by ARC and KSC betx. zen 1991 and
1995. It is a companion volume to Life into Space: Space Life Sciences
Experiments, NASA Ames Research Center, 1965-1996. The reader is
referred to that volume for a general introduction to space life sciences
research, descriptions of NASA and international space agencies, gener-
al descriptions of space flight experiment implementation, and informa-

~ tion pertaining to space programs and missions that occurred prior to

1991. Changes in research programs and space agencies that occurred
in the 1991-1995 period are discussed in the present volume, as is all
ARC-sponsored life sciences research conducted during that period.
Life sciences research sponsored by KSC was not described in the pre-
vious volune, so all KSC life sciences payload develspment activity-.

prior to 1995 is included here. Because of the time required to com- -

plete experiments and publish results, those experiments conducted
between 1996 and 1998 are not fully described in this volume.
However, in order to ensure that more recent science information is
available, ARC- and KSC-sponsored payloads flown in that periad are

» briefly profiled at the end of Chapter 5.

Space life sciences res=arch is defined, for the purposes of this book,

as the space-based study of biological and biomedical processes using liv-

ing organisms. All space flight experiments conducted by or through

. ARC.and KSC, using microorganisms, cell cultures, plants, and animals,

are discussed here. Although research on human subjects is, usually con-
ducted under the sponsorship of the Johnson Space Center, ARC did
sponsor a single experiment that was conducted on the astronaut crew of

o
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' the STS-47 mission, which is described in this volume. Ground-based

- experiments are not described, except peripherally in instances where

they serve as direct controls for flight experiments. Research conducted
in the areas of exobiology, life support, and other fields related to space
life sciences is not included. Studies undertaken by other NASA centers
also fall beyond the scope of this book.

Chapter 2 contains updates to the life sciences researd! ‘h interests of
the space agencies, domestic and international, that appeared in Life into
Space, 1965-1990, as well as agencies that have since begun collaborat-
- ing with NASA in this research area. Chapter 3 attempts to give the

reader some idea of the processes and challenges of experimenting with
living organisms in the space erciranment. The payload and mission
descnphom in Chapter 4 comprise the main portion of the book. Each
pavload series is described separately, with missicns within a series pre-
“sented chronologically. Changes of importance to life sciences research
made since 1990 to the Space Shuttle program and the Cosmos program
are discussed here. The first phase of the NASA/Mir program, which
~ began in 1995, is also described in Chapter 4. Each section ends with a
llst of Additional Reading for the reader who wishes more detailed infor-
mation. Many sources were used in compiling descriptions of missions
and payloads, such as technical and internal documentation; however,
‘these are not cited because of their unavailability to the general public.

~ Chapter 5 focuses on the future directions of the space life sciences
research program, with particular emphasis on NASA/Mir and the
International Space Station. To furthes llustrate certain aspects of space
life sciences research, interviews were conducted with representative
individuals from both the engineering and science communities. These <
interviews can be found throughout the book. - = '
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For those readers with specific research interests, descriptions of
individual space flight experiments are included in Appendix I.
Appendix I lists selected publications relating to these experiments.
Appendix ITI contains descriptions of the flight hardware items used to
conduct these experiments.
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Space Agencies: An Update

c hapter 2 of Life into Space, 1965-1990 discussed the history of
NASAS international cooperation in space life scierices, from its origins
through the early 1990s. In the intervening years, the scope and charac-
ter of collaborative activities undertaken by NASA Life Sciences has
expanded internationally to include additional space agencies and
domestically to include other federal organizations. This chapter pro-
vides an updated overview of these activities and their participants.

NASA

The budget and implementation for the U.S.
space life sciences research efforts is administered
by the headquarters of the National Aeronautics
and Space Administration in Washington, DC.
Management of research and development pro-
grams is handled by program offices that are gov—
emned by NASA headquarters.

The agency's programs are currently divided among four Strategic
Enterprises. Life sciences research is 1mp1emented through the Human

Exploration and Development of Space (HEDS) Enterprise, which is
managed by the Office of Space Flight and the Office of Life and
Microgravity Sciences (OLMSA). The Life Sciences Division at NASA *
headquarters falls under OLMSA’s management and is responsible for
all space life sciences activities. The Division seeks to advance four main
objectives: to broaden human understanding of nature’s processes; to
explore and settle the solar system; to continue research to allow safe,
healthy, and productive routine and long-duration space travel; and to
enrich life on Eurth by fostering knowledge and technology that enhance
our health and quality of life, while expanding American scientific and
mathematic accomplishments. Life sciences research using plants, ani-
mals, and cells is conducted primarily by Ames Research Center (ARC)
and John F. Kennedy Space Center (KSC).

Ames Research Center &

ARC is located in California’s Silicon Valley, at the southern end of
the San Francisco Bay. In 1994, ARC became the host of the adjacent
Moffett Federal Airfield and now houses several resident civiban and
military agencies. The great majority of NASA life sciences rescarch
using animals and cultured tissue is conducted under ARC sponsorship.

Space Agencies: An Update
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In addition to research in space life sciences, ARC is responsible for
research in computer science and applications, computational and exper-
imental aerodynamics, flight simulation, hypersonic aircraft, rotorcraft,
powe.wJ-ift technology, human use of aeronautic and space technology,
airborne and space sciences, solar system exploration, and infrared
astronomy. Most recently, 1998 saw the establishment of the NASA
Astrobiology Institute (NAI) at ARC. NAI brings together institutions
from around the world to help answer the following questions: how did
life begin and evolve; is there life elsewhere in the universe; and what is
the future for life on Earth and beyond? A more detailed profile of life

sciences research at ARC can be found in Life into Space, 1965-1990.

Kennedy. Space Center

Located on the central Atlauiii tic coast ‘of Florida, KSC is NASA' pri-
mary base for space launch, lanc¥ag, and payload processing operations.
Center responsibilities include ground and support operations,
prelaunch checkout, and launch of the Space Shuttle and its payloads;
the landing and recovery of the Shuttle orbiter and payloads; the recov-

ery of the reuseable solid rocket boosters; and subsequent turnaround

operations in preparation for future missions. KSC also provides launch
support and oversight for NASA activities related to expendable launch
vehicle (ELV) missions, primarily from adjacent Cape Canaveral Air
Station in Florida and Vandenberg Air Force Base in California.

KSC was established in 1961 as the launch site for the Apollo pro-
gram and continues today as the primary launch site for NASA’s

‘manned and unmanned space programs. The life sciences program at

KSC began in the late 1970s in anticipation of the large number of life
sciences experiments planned for the coming Space Shuttle program.

The center had supported life sciences experiments for both Apollo
and Skylab in the early 1970s, but these studies were processed in tem-
porary facilities. Permanent facilities for preflight experiment process-
ing, inflight ground control activities, and postflight experiment pro-
cessing would be needed to support the active life sciences payload
schedule of the Shuttle.

Hangar L, an Air Force hangar located at the Cape Canaveral Air
Station, was designated for conversion to the Life Sciences Support
Facility. Representatives from ARC, KSC, and Johnson Space Center
(JSC) contributed to the planning and design of the facility, which was
completed in 1981. The launch of Space Transportation System 4 (STS-4)

“in June 1982 marked the first life sciences payload to be processed at

Hangar L. During the late 1980s and early 1990s, additional modifica-
tions were made to Hangar L and neighboring Hangar Little L to
accommodate the Advanced Life Support and Plant Space Biology
ground-based research programs that began at KSC in the 1980s. ‘
Hangar L contains facilities for use by principal investigators, as well
as a variety of specialized life sciences facilities. The Animal Care Section

- (ACS), accredited by the Association for Assessment and Accreditation
- ol Laboratory Animal Care, includes laboratories for performing surgical

procedures and X-ray analyses, animal holding rooms equipped with
cag’s and sinks, and changing rooms for donning and doffing protective
clothing. ACS procedures for animal maintenance and handling ensure
the health and safety of personnel and the animal subjects. -~
Aquatic laboratories located nearby are used to grow, maintain, and
prepare aquatic organisms for flight experiments. Aquaria are arranged -
in a variety of configurations depending on investigator requirements.
Smaller axggs can be set up as laboratories for general science payload

o
R
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Hangar L at Kennedy Space Center

Interview with Jerry Moyer

Jerry Mover began his career at the Kennedy
Space Center (KSC) with Planning Research
Corporation (PRC) developing performance specifica-
tions for experiment-to-Spacelab rack payload inte-
gration. At that time, KSC did not have a permanent
facility for life sciences experiment processing. Said
Moyer, “They used some of the older facilities, trail-
ers, temporary facilities throughout KSC and Cape
Canaveral. But they weren't adequate in size and the
capabilities weren't there to process the number and
types of experiments planned for Spacelab. They
lacked adequate cleanliness, and they lacked labora-
tory capabilities that would be needed for preflight
. operations, inflight ground control experiments, and
postflight processing.”

Moyer became lead project engineer for the Life
Sciences Suppaort Facilitv, also known as Hangar L, for
which the design effort was already under way. “We
had about two thousand engineers with PRC designing
and building launch pads and the processing facili-
ties,” said Moyer. “As Hangar L really came about,
they needed someone who could interact with Ames
Research Center (ARC) and understand their require-
ments, whether it was for an isotope-rated fume hood,
a certain level of cleanliness for tissue culture, or ani-
mal care facilities. | had exposure to those kinds of
things as a resuit of my academic hackground.”

Their design group was assigned with bringing
the Hangar L budget under control. “Our requirements
were at about $2.3 million,” said Moyer, “and our bud-
get was about $1.6 million. We needed surgery areas

>

for preflight bicimplantation and other surgical proce-
dures, an X-ray facility, experiment processing labora-
tories, areas for animal care and housing, an area for
experimental monitoring, and more.”

The Hangar L modification finished within bud-
get. Shortly after completion, Moyer accepted a posi-
tion with the Bionetics Corporation as manager for
ground operations support. In this capacity he had a
chance to see what the design team had done right as
well as wrong. Said Moyer, “The labs were a little
smaller than we wou!d have liked, and the air condi-
tioning system was undeisized ‘a bit, but a lot of that
was driven by budget. Ali the equipment worked really
well. It's like when you build a house, often there are
things you think of afterwards that could have been
done a little bit differently.”

Since the facility's first use in 1982, Hangar L has
contributed to the successful performance of over 67
Space Shuttle missions and over 500 individual flight
experiments, Hangar L has also provided support to
unmanned space exploration, such as the Mars
Pathfinder, and ground research efforts supporting the
development of bioregenerative life support systems.

Moyer sees life sciences ground support at KSC
changing in the era of the International Space Station
(ISS). “Hangar L was designed to support Spacelab
missions and middeck experiments. For the Station
era, we need an expanded capability and expanded
facility. Things are going to be a lot different, and
they're going to affect the ground operations. We're
going to have 90-day flight increments and operations

Y

inflight on a continuous basis. It's not going to be as
straightforward as a Shuttle launch.” Currently, KSC is
working on a replacement for Hangar L. Said Mover,

“Right now we're assessing requirements and work- - -

ing with ARC, Marshall Space Flight Center, JSC
{Johnson Space Center), and NASA Headquarters to
determine what the additional needs may be for the
ground support.” Even with the changes in experi-
ment design for the ISS, Moyer feels that the ground
activities performed during the preflight, inflight, and
postflight mission phases will remain every bit as criti-
cal to experiment and mission success as the activi-
ties conducted during the space flight.
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processing or as specialized laboratories for breeding or mmnt:unmg,
both plant and animal specimens.

The Orbiter Environmental Simulator (OES) is a modified environ-
mental chamber used to replicate flight conditions experienced on the
Space Shuttle middeck. Within the OES, ground control experiments
and preflight verification tests can be conducted in an environment simi-
lar to the Shuttle middeck, apart from space flight effects. This allows
scientists to rule out effects resulting from variances in temperature,
humidity, and carbon dioxide.

For parallel adjustments of real-time ground control protocols,
investigators have access to the Experiments Monitoring Area (EMA).
The EMA provides immediate access to JSC Mission Control and to
Shuttle flight data, resulting in a higher fidelity ground support for
inflight experiment conditions and more meaningful scientific results.

In support of human studies, preflight experiment data are collected
on crew members in the Baseline Data Collection Facility (BDCF).
When the Shuttle lands at KSC, the BDCF is also used for postflight

data collection. When the Shuttle lands at Edwards Air Force Base, early -

recovery operations are conducted in the Postflight Science Support
Facility (PSSF) at Dryden Flight Research Center.

NASA Cooperative Efforts

In anticipation of the intensely collaborative International Space -

Station (ISS) program, NASA has, in recent years, established a number
of collaborative space life sciences research ventures with other federal
agencies, industry, and the international space community. In 1992,

NASA first signed agreements with the National Institutes of Health -
(NTH) to expand joint biomedical research activities. NASA now has - -

cooperative agreements with 12 NIH Institutes. ARC managed the sci-
ence on six payloads cosponsored by the NASA Life Sciences Division
and NIH between 1991 and 1995. These payloads flew on five Shuttle
missions: STS-59, STS-66, STS-63, STS-69, and STS-70. By the end of
the decade, NIH will have been involved in no less than six additional
life sciences payloads.

Several other federal agencies currently cooperate with NASA in
conducting life sciences research. With the National Science
Foundation, NASA has cosponsored a research network for plant senso-
ry systems. The purpose of the program is to support research into plant
responses to environmental signals such as light, temperature, and
mechanical stimulation. In the area of radiation biology, ties have been
developed with the National Oceanic and Atmospheric Aaministration
and the National Institute of Standards and Technology of the
Department of Commerce, Armstrong Laboratories and the Armed
Forces Radiobiology Research Institute of the Department of Defense,
and the Department of Energy. Facilities for conducting ground-based
experiments to supplement space flight research are offered by Loma
Linda University Medical Center and Brookhaven National Laboratory.

.Through its network of NASA Specialized Centers of Research and

Training (NSCORT), NASA creates consortia to conduct research in a
particular area. Jointly funded with industry and academic partners,

‘NSCORTS, sited at various universities around the country, are currently

established in the areas of gravitational biology, exobiology, controlled
ecological life support systems, space enviromnental health, and most

_recently, space radiation health.

NASA has increased its collaboration with industry partners. Five life
sciences payloads were cosponsored by ARC and a corporate entity dur-
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ing the 1991-1995 period, on the STS-52, STS-57, STS-62, STS-60, and
STS-63 missions. Such cosponsorship is made possible through NASAs
Commercial Space Center (CSC) network, as described in Chapter 4.

International Space Agencies

International cooperation in space life sciences research reached a
new peak in the first half of the 1990s. Scientists from Russia, Japan,
France, Germany, Canada, and the European Space Agency flew experi-
ments onboard the Shuttle on several occasions. Astronauts from the
Japanese, Russian, Canadian, Italian, European, and German space
agencies flew as crew members on various life sciences-related Shuttle
missions. A number of international researchers received flight tissues
from Shuttle missions. Scientists and engineers from ARC and Russia
collaborated closely on the Cosmos 2229 (Bion 10) biosatellite mission in
1992 and again on Bion 11 in 1996.

As a prelude to the ISS, NASA astronauts accumulated many
months of operational experience conducting life sciences and other
research onboard the Russian Mir space station. Planning the ISS,
designing and building its structural components and science hardware,
and setting its science priorities, schedules, and proceclures has required
a leap in the kind and extent of cooperation between the participating
countries. Indeed, the operation of the Space Station will be less a
demonstration of cooperation between international partners than an
activity carried out by a single global space community.

With an eye to the growth of international cooperation, the
International Space Life Sciences Working Group (ISLSWG) was
formed in 1990 with two primary goals: to strengthen space research,

|

!

and to enhance knowledge and information exchange. In recognition of

the reality that the resources of individual agencies and nations are insuf-
ficient to carry out the vigorous research program appropriate in the
space life sciences, the ISLSWG developed an intemational strategic
plan. Sound planning and cooperation by the international space life sci-
ences community will leverage resources and increase the effectiveness
of interactions among scientists around the world. At this time, the pri-
mary focus of the ISLSWG is life sciences planning for ISS.
Membership consists of the group’s founding members: NASA, the
European Space Agency (ESA), the Canadian Space Agency (CSA), the
French space agency (CNES), the German space agency (DLR), and
the Japanese space agency (NASDA).

Canada

The Canadian Space Agency (CSA) was offi-
cially established in 1990, although Canada had
initiated an astronaut program as early as 1983,
following an invitation from NASA to fly an astro-
naut on the Space Shuttle. CSA is responsible for
promoting the peaceful use and development of
space for the social and economic benefit of ’
Canadians. Through its auspices, Canada cooperates w1th NASA and .
other international partners in the areas of satellite communications,
space technology, and space life sciences research.

A

CSA ASC

Canada is the largest contributor to the Space Shuttle program, out- .

side of the U.S.-CSA developed the Remote Manipulator System robotic
arms used by the Shuttle fleet to release and retrieve satellites and con-
duct other extravehicular activities. A Canadian astronaut flew onboard
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the Shuttle for the first time in 1984. Between 1991 and 1995, three
additional Canadians flew on missions STS-42, STS-52, and STS-74, all
of which carried life sciences payloads. Canadian and U.S. scientists have
also worked together to conduct research using the space environment.
A series of experiments sponsored by CSA flew in the Spacelab Life
Sciences 1 (SLS-1) and International Microgravity Laboratory 2 (IML-2)
payloads on the STS-40 and ST5-65 missions, respectively. Canadian sci-
entists also participated in the biospecimen sharing p:ogram that fol-
lowed the flight of the SLS-1 payload on STS-40.

Cooperation between NASA and CSA since 1995 has included the
flights of Canadian astronauts on the STS-77, STS-78, and STS-90
- Shuttle missions as well as the participation of Canadian scientists on
the STS-78 Life and Microgravity payload. CSAs Aquatic Research

Facility flew on STS-77 as a cooperative effort between CSA, Ames’

Research Center, and Kennedy Space Center. The Canadians are also
closely linked to human life sciences at NASA, with CSA astronaut
David Williams currently sexving as Director of Life Sciences at the
Johnson Space Center. '

CSA will provide two major elements to_the International Space
Station venture. The Mobile Servicing System, a’rail-mounted robotic
arm, will play a key role in ISS assembly, maintenance, and servicing. An
Insect Habitat will be used within the Centrifuge Accommodation
Module for life sciences research.

The European Space Agency

The European Space Agency (ESA) had its beginnings in two inter-
national organizations: the European Launcher Development
Organization, created to develop and build a Jauncher system, and the

European Space Research Organization,
created to develop satellite programs. These
two organizations merged in 1973 to form a
single body representing the interests of
Belgium, France, Germany, Italy, the Netherlands, the United Kingdom,
Denmark, Spain, Sweden, and Switzerland. Ireland became a member
of the union in 1975. ESA came intc legal existence in 1980. Since then,
the agency has been joined by Austria, Norway, and Finland. Despite its
geographical separation from the ESA member nations, Canada has
signed agreements that allow it to participate in some ESA programs and
to sit on the ESA Council.

ESA i essentially a space research and development organization
with three primary roles. First, it develops and implements a plan that
covers not only microgravity research but also the fields of space sci-
ence, Earth observation, telecommunications, orbiting stations and
platforms, ground infrastructures, and space transport systems.
Second, it coordinates its own programs with the national programs of
its members. Third, it implements a policy that ensures that each
member country will have fair compensation for its investment, both
financially and technologically.

In order to carry out these roles effectively, ESA (,ooperates exten-
sively with international partners like the U.S., Japan, and Russia. .
NASA has been a close partner of ESA for more than two decades, and
many joint space life sciences activities have been conducted by the
two space agencies. In the period between 1965 and 1990, ESA’s part-
nership with NASA included the building of the Spacelab, the orbiting
laboratory that flew regularly on the Space Shuttle until it was xetned
following the Neurolab mission.

10

Life inte Space 1991-1998



)

e
'I\
\

European astronauts also flew on Space Shuttle missions during that i("h"""l:l"a nce

period, and the two space agencies cooperated in conducting life sci-
ences research aboard the Shuttle. ESA and NASA continued their col-
laboration in the 1991-1995 period. Three ESA astronauts, from
Germany, Switzerland, and France, flew on a total of four Shuttle mis-
sions during tiis period. The Spacelab flew on the Shuttle five times
between 1991 and 1995. Scientists sponsored by ESA participated in life
sciences research on severr! Chnttle missions, including STS-40, STS42,
STS-58, and STS-65. In adk .adn, U.S. life sciences experiments were
conducted in the Biorack, a hardware unit built and owned by ESA, on
the STS-42 and STS-65 missions.

ESA is also a contributor to the ISS. In October 1995, the ESA
member nations agreed on its commitments to the ISS venture. ESA
will contribute a pressurized laboratory known as the Columbus Orbital
Facility, which will be lJaunched on the Space Shuttle and then perma-
nently attached to the central core of the Space Station, and the
Automated Transfer Vehicle, a structure that will provide services in
logistics and reboosting of the Station. ESA has also undertaken to devel-
op a Crew Transport Vehicle for fenying astronauts from the Station in
emergencies. Other ISS elements under development by ESA include
two nodes for connecting various Station components and a data man-

agement system for operating the Russian Service Module. ESA’ partici-

pation in the ISS program further includes an effort to promote the
Station, to prepare scientists whose research will be conducted on the
Staticn, and to maintain and train an astronaut team,

Since 1995, ESA has continued cooperative life sciences activities with
 NASA, participating in research and providing astronauts and Biorack
hardware for use on the STS-76, STS-81, and STS-84 NASA/Mir missions.

France was the thnd nation to achieve space
launch capabilities and its space agency, CNES,
founded in 1961, remains the primary space 3 '
power in western Europe. The program in life mg
sciences, which began in 1970, focuses on various
research fields, including neurosciences, cardio-
vascular physiology, musculoskeletal physiology, gravitational biology, and
exobiology. The agency flies space flight experiments through cooperation
with NASA and RSA or through ESA, of which CNES is a member.

CNES and NASA created a bilateral working group in 1985 and has
since collaborated on various projects, including the Rhesus Project. The
Rhesus Project intended to fly two rhesus monkeys and the Rhesus
Research Facility, which had been jointly developed by CNES and
NASA. Originally scheduled for flight on IML-2 in 1991, the project was
rescheduled for flight on SLS-3, which was cancelled because of bud-
getary reasons. This resulted in the termination of the project.

In 1996, French scientists had the opportunity to transfer Rhesus

Project research and development to the Russian/U.S. Bion 11 mission,

in which they participated in NASA’ portion of the primate payload.
Scientific collaboration has continued with shared experiments on the
STS-90 Neurolab mission.

Germany

The German space agency, DARA, was fonned in 1989 as a govern-
ment owned and operated company. Its role was to manage German
space activities both nationally and internationally. DARA worked in
cooperation with DLR, the German aerospace research organization

Space Agencies: An Update
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formed in 1969. In 1997, DARA was dissolved gd

and folded into DLR in a move to streamline LS
space policy activities. [

Germany channels much of its space agen- @[LIR

da through its membership in ESA, of which it

is the single largest contributor. However, Germany has a history of collab-
orative space flight activities with NASA. Two dedicated Spacelab mis-
sions, D-1 and D-2, flew in 1985 and 1993, respectively. Neither mission
carried ARC- or KSC-managed experiments. German hardware flew as
part of the International Microgravity Laboratory 2 Space Shuttle payload
in 1994 and as part of Neurolab in 1998. German investigators participated
in both of these missions, as well as Spacelab Life Sciences 1 in 1991.
Germany’s contribution to the ISS will be made through its participation in
ESA, by funding nearly 40 percent of ESAs 1SS commitment. -

Italy

Foundcd in 1988 by the Ttalian govermment, the Italian space agency
(ASI) is responsible for national and international cooperation programs
and supports national participation in ESA. The agency’s investigations
span space sciences, Earth sciences, life sciences, and engineering,

In concert with the first Shuttle mission to fly the cooperative
NASA/ASI Tethered Satellite System (T7"S), STS-46 in 1992, the first
Italian astronaut flew as a payload specialist. The second TSS mission
flew in 1996, carrying two Italian astronauts, one representing ESA.

In addition to its contribution to the International Space Station as
an ESA member, ASI has participated in the ISS program through a
bilateral agreement with NASA to design, build, and supply three pres-
surized modules to serve as cargo transport and an attached station module.

i

Japan:

The National Space Development
Agency (NASDA), founded in 1969, is NASDA
the primary organization responsible for
space flight activities in Japan. The agency’s mandate includes the
development and operation of spacecraft, launch vehicles, and space
flight experiments. NASDA is administered by the Science and
Technology Agency, which in turn reports to the Science Activities
Commission. The Commission sets national space policy and recom-
mends budgets for the various governmental organizations involved in
space exploration and research. The Institute cf Space and
Astronautical Science is dedicated to space science research on bal-
loons, sounding rockets, and light-lift launch vehicles, while the
National Aerospace Laboratory acts as ]apans national center for aero-
space technology research.

The first major cooperative venture in space life sciences research
between NASDA and NASA was the 1992 flight of the Spacelab-] pay-
load on the STS-47 mission. The two space agencies shared responsibili-
ties for payload selection and development and mission operation. A
Japanese astronaut also flew on the mission, alongside the INASA crew.
Cooperation continued on other Shuttle missions. NASA scientists used
NASDA hardware for some of the life sciences studies conducted on the
IML-2 payload on STS-65. Scientists sponsored by NASDA participated
in the biospecimen sharing program that followed the flight of the SLS-2
payload on STS-58. Since 1995, NASDA has participated in two Shuttle
flights. Neurolab, flown on STS-90 in 1998, included a NASDA investi-
gation, and the NASDA Vestibular Function Experiment Unit flew on
both STS-90 and STS-95.
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~ NASDA is also a key partner in developing and building the
International Space Station. NASDA will provide a pressurized module
for the Station, known as the Japanese Experiment Module (JEM), for
conducting matenials, fluid, and life sciences investigations. To offset
U.S. launch costs for the JEM, NASDA has agreed to build the
Centrifuge Accommodation Module (CAM) along with a 2.5-m diame-
ter research centrifuge and a life sciences glovebox to be housed in the
CAM. The centrifuge will provide selectable levels of artificial gravity for
~ life sciences investigations while the glovebox will provide a contained
workspace similar in concept to the General Purpose Work Station (see
Appendix IIT) used on the Space Shuttle. It is likely that NASDA will
also build an aquatic habitat for use with CAM facilities, but agreements
have not been formalized.

Russia

No national space agency was more greatly
affected by political changes in the period
between 1991 and 1995 than that of the former
U.S.S.R, which sponsored a thriving space life
sciences research program for many years.
Following the dissolution of the Soviet Union in 1991, Moscow created
the Russian Space Agency (RSA) in order to retain centralized control of
the civilian space budget. RSA uses the resources of a military space
agency called the Military Space Forces, also known by the initials of its
Russian name, VKS. VKS controls Russia’s spacecraft tracking networks
and has its own spacecraft control center. It provides logistic support for
the RSA’ civilian launches. It also manages the Plesetsk Cosmodrome,
which is the launch site of the unmanned Cosmos biosatellites. RSA and

oy

4

VKS share other facilities, such as Russia’s other launch site, the
Baikonur Cosmodrome in Kazakhstan. The two agencies jointly fund
and manage the Gagarin Cosmonaut Training Center.

The prime commercial contractor to RSA, the Energiya Rocket and
Space Complex, is another powerful force behind the Russiari space pro-
gram. Energiya orders spacecraft and boosters from subcontractors,
arranges for VKS to carry out launches, owns and operates the Mission
Control Center in Kaliningrad, and is largely responsible for the Mir
space station. Civilian members of Russian spacecraft crews are recruit-
ed exclusively from Energiya’s staff. Energiya, a private company, is
owned jointly by the Russian central government and Energiya officials,
with each group retaining 50-percent ownership. Accordingly, half of
Energiya’s funding comes from Moscow, and half is raised privately.

RSA manages a series of laboratories, institutes, and factories that

- conduct space-related activities. It also purchases items such as space-

suits, interplanetary probes, and data analysis services from small, spe-

cialized independent firms. In addition, RSA cooperates with indepen-

dent scientific groups such as the Institute of Biomedical Problems

(IMBP) and the Moscow Academy of Sciences Institute for Space
Research. IMBP is dedicated to research in physiology, space biology,
and medicine. It has its own laboratory test facilities with hardware
designed for conducting studies using simulated microgravity and space
flight conditions. It is a prominent participant in the life sciences
research on Mir and the Cosmos biosatellites.

Although the Soviets cooperated with the U.S. in the sphere of
space, and particularly in space life sciences research, for many years, the
character of joint ventures has changed dramatically since 1991. Russian
and NASA scientists and engineers cooperated more closely in develop-
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ing experiments and hardware for the 1992 flight of the Cosmos 2229
{Bion 10) biosatellite mission than at any other time in the 25-year histo-
1y of the Bion program. Scientists sponsored by Ames Research Center
flew 13 life sciences experiments on the mission. U.S. personnel also par-
ticipated in the preparation of hardware for the payload at the Plesetsk
Cosmodrome and supported the recovery team in Kazakhstan, another
first in the history of U.S.-Russian cooperation in space research. The
level of integrated science and engineering development exhibited with
Cosmos 2229 would continue on the Bion 11 mission launched in 1996.
Other collaborations during the 1991-1995 period included the partici-
pation of Russian scientists in life sciences research conducted on the
SLS-1 and SLS-2 payloads, which flew on the STS-40 and STS-58
Shuttle missions, respectively.

"~ In 1993, NASA and RSA signed a multiyear contract for the collabo—

rative NASA/Mir program using the Space Shuttle, the Russian Soyuz”

spacecraft, and the Mir space station. It permitted NASA astronauts to
visit Mir for extended periods. In 1995, a NASA astronaut flew on a
Russian Soyuz spacecraft to Mir and stayed onboard the station for three
months along with two cosmonaut colleagues. Docking of the Shuttle to
Mir occurred twice in the 1991-1995 period, with the Shuttle being used
to transfer astronauts, supplies, experiment equipment, and specimens
to and from Mir. Russian cosmonauts also flew on U.S. Shuttle missions
STS-60 and STS-63 in 1994 and 1995. During the 1995-1998 time peri-
od, six more NASA astronauts stayed on Mir for extended durations.
Two additional Shuttle-Mir dockings occurred in 1996, and three more
occurred before the end of 1998. '

Russia is playing a critical role in thé development and building of the
International Space Station, and Russian firms are teaming with U.S.

partners to provide components for the Station. Russia will contribute a
module called the Functional Cargo Block, a critical component of the
Station. Other Russian hardware will provide all of the altiturde mainte-
nance and most of the power, life support, and attitude contro: capability
of the Station. The U.S. and other intemnational partners stand to benefit
greatly fiom Russia’s contributions because of its unmatched technologj-
cal experience and expertise in the space arena. Automated space ren-
dezvous and docking technology, necessary for the stable ISS operation,
has already been developed by the Russians for Mir. Russia also expects
to gain from its international partnership in the venture, not only finan-
cially, but also in learning how to transfer its space technology to commer-
cial products and services that can benefit the national economy.

‘Ukraine

The National Space Agency of Ukraine
(NKAU) was formed in 1992. After NKAU
and-NASA signed an agreement in 1994, the
agencies cooperated on STS-87, in October
1997. A Ukranian payload specialist flew on
the Shuttle. The KSC-managed Collaborative
Ukranian Experiment payload included an
educational counterpart called Teachers and Students Investigating
Plants in Space, involving teachers and students in both countries.
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Studying Living Organisms in Space

s pace life sciences research is eriticai to preparing for the eventual-
ity of long-term space exploration. Along the way, this same research
increases our knowledge of basic biological processes and provides
insight into the mechanisms and treatment of various Earthly medical
conditions. However. these scientific results are not achieved easily. The
study of living organisms in space poses many challenges that may be
negligible or nonexistent in ground-based research.

Selection and Training

Determining the most appropriate research subject for studying a
particular biological question is not a simple matter. At the broadest
level. basic research questions may offer more latitude in approach than
questions ol applied research. but in space life sciences, the two are
often linked. In plant research, basic questions result from the need to
maximize food production while minimizing the required onboard spa-
tial volume or from the need to raise plants in an entirely closed enwvi-
ronment. By the same token. much basic animal research derives from
the need to maximize the health and salety of the astronaut crew. When
it comes to the actual species selection, many issues must be taken into

account (Fig. 1). Space flight imposes several unique operational con-
straints that must be addressed in addition to scientific selection criteria.
The size, weight, and ease of maintenance of an organism, and the
availability of flight-qualified support hardware are issnes that become
more central when conducting life sciences research in space rather
than on the ground.

Species are often selected on the basis of their capacity to undergo
some physiological adaptation process or life-cvele stage within a short
period of time. For example, Japanese red-bellied newts were selected
tor experiments on the International Microgravity Laboratory 2 (IM1.-2)
payload because their vestibular systems would undergo most of their
development within the planned duration of the Shuttle flight.

Other organisms are chosen because they are resilient and can be
easily cared for in an automated setting where food, water, and appropri-
ate environmental conditions can be provided but where human caretak-
ers may not be available. Some, such as rats of the Wistar strain. are valu-
able rescarch subjects not only because of their genetic homogeneity,
but because their extensive use in research makes them a known quanti-
ty. Furthermore, their small size and ease of maintenance allows them to
be flown in relatively large numbers in the limited space available in a

Studying Living Organisms in Space
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SOME FACTORS
IN CHOOSING A RESEARCH SUBJECT
FOR SPACE LIFE SCIENCES INVESTIGATIONS
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Figure 1. Many factors go into why an investigator chooses to work with a particular organism for a space life sciences experiment.
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spacecraft. Finally, their genetic similarity throughout tne strain allows
for statistical significance with a small sample.

An overarching question for much space life sciences research is
how gravity, and its elfective absence, influences the development and
function of living systems. The selcction of many research subjects is dri-
ven directly by this [ocus. For instance, the effect of gravity on growth is
often studied in plant species because the growth patterns of roots and
shoots differ in response to gravity. Jellyfish serve as excellent subjects for
research on gravity-sensing mechanisms because their specialized gravi-
ty-sensing organs, statoliths, have been well characterized by biologists.

In fact, thronghout the history of space life sciences, the combination of

research priorities and practical constraints has led to a veritable
menagerie of organisms orbiting the Earth. Some of the more exotic
include African claw-toed frogs, Japanese quail, tobacco hormworm
pupae, flour beetles, sea urchin eggs, parasitic wasps, and pepper plants.

When investigations address human adaptation to space flight and its
health implications, the use of mammalian species often becomes neces-
sary when humans are not appropriate subjects. The rat is the mammal
emploved most frequently for space flight research. Its well-demonstrated
biochemical and structural similarity with humans makes the rat an appro-
priate subject with which to test new drugs and investigate many disorders
experienced by astronauts during and after space flight. Because of their
phylogenetic proximity to humans, nonhuman primates, such as rhesus
monkeys, have occasionally served as research subjects in space biology,
but only when the need hias been clearly demonstrated.

When working with higher organisms, such as mammals, stress
caused by unfamiliar conditions can impact science results. To prevent
this. the animals must be habitnated to their flight habitat, life support

hardware, and biosensors. Some animals, such as rats and rhesus mon-
keys, must be trained to use inflight feeding and watering devices. When
performance and behavior is studied, as is sometimes the case with rhe-
sus monkeys, the animals must be trained to perform particular tasks in
response to automated stimuli.

Manned vs. Unmanned Missions

Manned and unmanned space flight pose different challenges for
conducting life sciences experiments. On manned missions, the primary
consideration is the safety of the crew. When mammals are used as
research subjects, microbiological testing of the animals is mandatory to
ensure that they are free of pathogens that could be transmitted to crew
members. Organisms that are part of the science payloads must be iso-
lated from the humans onboard so that possible contaminants and odors
do not affect crew health, comfort, or performance. Hardware for hous-
ing the experiment subjects is typically custom-built for this purpose and
kept sealed or filtered for the duration of the mission.

Although erew members typically have busy inflight schedules, they
may support experiments by monitoring research subjects visually on a
periodic basis or performing contingency procedures made necessary by
hardware malfunction or unexpected experiment performance. The
crew may also replenish water and food supplies. substantially reducing
the need for automation. On some missions, particularly those dedicated
to life sciences, crew members conduct inflight experiment procedures
directly on research subjects. Direct access to subjects is accomplished
using a glovebox apparatus that maintains biological isolation of the
organisms. On the STS-58 mission dedicated to the Spacelab Life
Sciences 2 payload, Shuttle astronauts performed rut dissections and tis-
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sue sampling procedures. Such procedures will likely become common-
place on the International Space Station.

The costs of research on manned missions can be attributed large-
ly to the extensive testing of experiment hardware and the need to
meet crew safety requirements. Unmanned missions are generally
much less expensive, with most of the cost going for hardware automa-
tion. Experiments on these missions must accommodate the lack of
crew to conduct support procedures or intervene in the event of an
equipment malfunction.

Loading and Retrieval

Space life sciences experiments often require that research subjects
be installed in the spacecraft in a precisely timed manner. For instance, if
germination of plant seeds is to occur in space, or embryos are to under-
go a particular stage of cell division, they must be in a specific stage of
development at the time of launch. If the launch is delayed because of
inclement weather or a system malfunction, research subjects frequently
must be unloaded from the spacecraft and a fresh group of subjects
installed once a new launch time is set. To accommodate such an even-
tuality, researchers must have several backup subject groups, in varying
stages of development, prepared for flight.

In order to prepare the spacecraft itself for launch, all payloads,
including those accommodating live research subjects, must be integrat-
ed into the spacecraft as early as several months before launch. Only crit-
ical items, such as the subjects themselves, can be loaded up to several
hours prior to launch. Installation of habitats with living organisms may
require special handling, depending on the structure and orientation of
the spacecraft. Installation of research subjects into the Space Shuttle,

which is oriented vertically during the prelaunch period, can involve low-
ering the organisms in their hardware units through a tunnel into the
holding racks in the Spacelab or SPACEHAB.

Because organisms begin to readapt to Earth gravity immediately
upon landing, dissection and tissue preservation in orbit or quick access
postilight is critical to the value of the science. Organisms can be removed
from manned spacecraft such as the Space Shuttle within a few hours
after touching down. Removal from the unmammed Cosmos biosatellite
occurs several hours postflight because mission personnel must first
locate, and then travel to, the landing site. Transport from the spacecraft
to ground laboratories may be time-consuming when the biosatellite
lands some distance: away from Moscow. In such instances, a temporary
field laboratory is set up at the landing site to allow scientists to examine
the subjects before readaptation occurs. The issue of postflight readapta-
tion highlights the value of inflight data and tissue collection.

Habitat and Life Support

Suitable habitats and adequate life support systems for research sub-
jects are essential for experiment success. Hardware to support living
organisms is designed to accommodate the conditions of space flight, but
microgravity poses special engineering challenges. Fluids behave differ-
ently in microgravity. The relative importance of physical properties such
as surface tension increases, and convective air currents are absent or
reduced. Plants are usually flown attached to a substrate so that nutrients
and water can be provided through the root system. Cultured cells are
flown in suspensions of renewable media contained within specialized
hardware units. Nonhuman primates are often flown in comfortable
confinement systems to prevent them from endangering themselves

20

Life into Space 1991-1998



dving launch and 1centry or damaging sensors or instrumentation dur-
mg the flight. Other organisms such as rodents are typically flown with-
out confinement so they can float freely within their habitats while in the
microgravity environment. With the use of implanted biotelemetry hard-
ware, as with squirrel monkeys on the Spacelab 3 payload in 1985, small
primates can be flown unconfined.

The comfort and safety of research subjects is a high priority. Because
trauma or stress can compromise experiment results, humane care and
good science go hand in hand. Animals may be singly or group-housed,
but group-housed animals tend to remain healthier and exhibit fewer
signs of stress. When singly housed rhesus monkeys were flown within
the Russian Primate Bios units on the Cosmos missions, the animals were
oriented so that they could see cach other throughont the flight. For non-

human primates, environmental enrichment is provided in the form of
behavioral tasks or “computer games,” which can double as measures of

behavior and performance. Such enrichment helps to prevent stress and
boredom, a possible result of confinerent and isolation.

Light within habitats is usually regulated so as to provide a day/night
cycle similar to that on Earth. Air circulation and heating or cooling
ensures that temperature and humidity are maintained at comfortable
levels. Food is provided according to the needs of the species in question
and the requirements of the experiments. Generally, a continuous water
supply is available. Waste matenal, which includes not only excreta, but
also particulate matter shed from the skin and debris generated during
feeding activities, is eliminated using air flow systems engineered for the
purpose. Within plant habitats, gaseous waste is similarly eliminated.
Separation of liquid waste from solid is desirable for certain e ~riments,
and systems to carry out such separations have been developed.

Monitoring and Welfare

Frequently, researchers employ surgically impicnted biosensors or
sensors mounted within habitats to monitor animal subjects. These sen-
sors provide important scientific data, and, with inflight downlinks of
phvsiological parameters, researchers are able to remotely monitor the
health and welfare of their subjects. Primates are often implanted with
sensors that measure such vital signs as heart rate, ECG, EEG, and body
temperature. Activity sensors are often mounted in the cages of rats so
that researchers can assess animal activity while in space. Automatic gas
sampling can provide a measure of the metabolic activities of plants. Still
photographs taken by preprogramimed cameras allow researchers to
obtain valuable information, particularly about plant growth and the
development of embryos inflight. Video monitoring provides behavioral
information on animals such as primates, rats, frogs, and jellyfish. On
manned missions, crew members can directly observe subjects, keep
records of their observations for later use, discuss their observations with
researchers inflight, and, if necessary, intervene to assist a subject.

Biosampling

Investigators can also obtain data in the form of biosamples such as
excreta, blood, tissue biopsies, and serial sections. When an experiment
protocol requires the collection of biosamples, they are first obtained
preflight to provide a baseline measure of organismal function. Inflight
collection of biosamples other than urine and feces is possible only on
manned missions. The first-ever inflight biopsies and dissections of ani-
mal subjects were conducted on Spacelab Life Sciences 2, the STS-58
Shuttle mission. Becanse of the extensive coinmitment of resources
such as facilities, space, and crew time to payload operations, inflight
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biosampling procedures are rarely performed on the Space Shuttle.
Inflight fixation, through hardware automation or simple crew proce-
dures, is a more common way to collect biosamples. Biosample fixation
and storage techniques are effectively used with small animal subjects,
plants, and cultured cells.

Postflight collections of biosamples are carried out for many life sci-
ences experiments. Because readaptation to Earth gravity reverses
many of the changes that oceur in tissues in space, it is imperative that
Liosamples be obtained as soon as possible postflight. To facilitate this,
ground laboratories and personnel are usually prepared to implement
such experiment procedures at the time of landing, In the case of the
Cosmos biosatellite, biosample collections are carried out in mobile
field laboratories set up at the landing site. Unused tissues from the
organisms flown in space may be fixed or frozen and stored in archives
for later use by scientists.

Control Groups

Space life sciences experiments make extensive use of control
groups in part because limited flight opportunities may not allow for
replication of a given experiment. Employing control groups is essential
to increase the statistical validity of the results of an experiment with a
relatively small number of subjects in the experiment group. Control
groups help researchers isolate the effects of microgravity and the vibra-
tion, acceleration, and noise of spacecraft launch and landing from the
effects of other conditions that research subjects may encounter
inflight, such as altered environmental conditions, and the stress that
can be associated with confinement, isolation, implantation of sensors,
and biosampling procedures.

Three types of control gronps are often employed in space life sci-
ences experiments. The synchronous control consists of organisms that
are identical in type and number to those flowm onboard the spacecraft.
They are housed in identical habitats and kept within a simulated space-
craft environment in a ground laboratory. Conditions within the simulated
spacecraft environment, such as humidity and temperature, are set to lev-
els expected to oceur within the actnal spacecraft during flight. The syn-
chronous control procedures begin at the time of launch and end upon
landing, The purpose is to isolate the effects on the research subjects of
extraneous conditions experienced during space flight.

An asynchronous control (or delayed synchronous control) is similar
to the synchronons control except that procedures begin several hours or
days after the flight. For the asynchronous and delayed synchronous
controls, conditions within the simulated spacecraft environment are
identical to those that prevaiied within the actual spacecraft throughout
the flight. Asynchronous and delayed synchronous control procedures
last for a duration identical to that of the flight. This control is used to
determine whether the effects that may be seen in the flight organisms
are the result of anomalous environmental conditions, such as increased
temperature, that may have occurred during the flight.

A vivarium control is usually conducted to determine whether
effects that may be seen in the flight organisms could be due to the
stress of being confined or isolated or of being housed in flight hardware
units, In this control, a group of organisms similar to the flight group is
housed in standard laboratory conditions for a duration identical to the
length of the flight.

Additional controls may be conducted as indicated by specific
research concerns. For instance, when the flight research subjects are
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The Ethical Use of Animals in Space Life Sciences Research

Interview with Joseph Bielitzki

Joe Bielitzki joined NASA in 1996 as the agency's
first Chief Veterinary Officer. He brought with him 20
years of experience in veterinary positions in institu-
tiona.. private practice, and consulting settings,
including many years at the University of Washington
Primate Center.

At NASA, Bielitzki is responsible for ensuring that
the animals used in space flight and ground-based
research are properly cared for and experience mini-
mal pain and distress. He is also responsible for the
compliance of all science protocols with the laws,
rules, and regulations established for animal care in
scientific research. When an experiment requires
training or conditioning of animals or complex surgical
procedures, he may provide consultation on the
experiment design.

Commenting on his role in space life sciences
research, Bielitzki said, "My job has to do with soci-
etal benefits. At NASA, the job has to do with being
able to identify the risks of space travel for the astro-
nauts. If we are going to fly humans, then we should
know what's going to make them sick, how sick they
are going to be, and how we can treat them if and
when they get sick. Most of that work is going to be
tested and developed with animals, so the animal
models are very important. Veterinarians are the first
people you look to when you are looking at new treat-
ments or new medicines or new ways to deal with the
problems that the astronauts might have because
much of the early work is done in animal models.”

Since Bielitzki‘s arrival, NASA has established
bioethical principles for the use of animals in space life
sciences research. The principles address the ethical
justification for using animals in research. “It is a sig-
nificant contribution to the entire federal program. We
are the first federal agency to develop principles like
these,” said Bielitzki. "Those principles have been
endorsed hy the rest of the federal agencies now.”
These bioethical principles are as follows :

« Respect for Life: Research animals should be of
an appropriate species and health siatus. The
number used should be the minimum required to
obtain valid scientific results. Selection should
include cognitive capacity. Nonanimal alter-
natives should be used when possible.

« Societal Benefit: Assessment of the overall
ethical value of animal use should include con-
sideration of the full range of potential societal
benefits, the populations affected, and expected
burdens to the research animals.

* Nonmaleficence: The minimization of distress,
pain, and suffering is a moral imperative.

“If nothing else happens in my career, the estab-
lishment of these principles is probably the most sig-
nificant thing |'ve been able to accomplish. It is a very
short set of principles, but it is one that | think is going

to stand the test of time. | hope that they are improved
upon, but | doubt that anyone will be able to take
away from them,"said Bielitzki.

The hope is that the bioethical principles will also
be used in the International Space Station (ISS) in
agreement with partnering nations. Bielitzki has been
tasked with developing animal use standards for the
ISS. “We're going into a partnership where there are
different cultures, local standards, and norms, and we
have to come up with a set of standards that's going
to meet everybody's needs. We may well end up with
some rules and requirements that are more stringent
than what we see in the United States in a number of
areas, to meet the requirements of the member
nations,” said Bielitzki.

In fact, there are currently no international stan-
dards for the use of animals in biomedical research.
Space life sciences research and the ISS may end up
providing an imperative to develop such standards.
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mammals implanted with biosensors, a control group of similar animals
without implanted sensors may be studied to determine whether any
effects observed could be the result of the implants.

Scientists sometimes carry out studies in simulated microgravity
conditions on Earth in order to nbtain pilot data for flight experiments or
to verify the results of flight experiments. The effects of microgravity
may be simulated by removing the gravitational load on a particular por-
tion of the body or by effectively canceling out or minimizing the force
of gravity. Bed rest is the most commonly used method for simulating
microgravity when the research subjects are humans or nonhuman pri-
mates. Studies of muscle and bone atrophy are sometimes conducted
using this method. Tail suspension is used to simulate microgravity in
rats. The gravitational load to the hindlimbs is eliminated by suspending
rats by their tails, leaving them free to move about on their forelimbs.
Horizontal, rotating clinostats that apply a constantly changing vector
acceleration force canceling out the vector force of gravity are often used
to simulate microgravity in plants.

Regulations and Oversight

Space life sciences research, like that in other fields, is subjected to
outside peer review both at the proposal stage and the publication stage.
However, because of the unique nature of space flight, research conduct-
ed in space is subjected to additional scrutiny. Researchers must meet not
only the guidelines and regulations prescribed by mission managers and
safety panels, but also ensure that their experiments comply with the
requirements of crew members and other researchers participating in
that mission. Furthermore, all NASA-sponsored research using animal
subjects, whether conducted in space or on the ground, must meet the

rigorous review of the Institutional Animal Care and Use Commiittee
(IACUC). Each research institution must convene an IACUC whose
mandate is to ensure that all animal use is necessary and that all experi-
ment protocols and animal care procedures meet federal animal wellare
guidelines. Lastly, research carried out in space, because of its importance
and high visibility, must bear the scrutiny of the public eye.

Additional Reading

Ballard, Rodney W. and Richard C. Mains. Animal Experiments in
Space: A Brief Overview. In: Fundamentals of Space Biology. edited
by Makoto Asashima and George M. Malacinski. Tokvo: Japan
Scientific Societies Press and Berlin: Springer-Verlag, 1990, pp.21-41.
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Programs, Missions, and Payloads

s pace life sciences research conducted by Ames Research Center
(ARC) and Kennedy Space Center (KSC) re rached new heights between
1991 and 1995. In fact, this five-year period rivaled the previous 25 years
ir mission participation and payloads and experiments [lown.

From 1965, with the inception of life sciences at ARC, through
1990, the ARC and KSC life sciences programs participated in 25 space
flighr missions that carried a 1-tal of 27 life sciences payloads into orbit.
Across thes: 27 payloads, 223 experiments were conducted, although
determining exact <xperiment numbers can be difficult because of tissue
sharing programs wad subexperiments.

From 1991 through 1995, the ARC and KSC life sciences programs
participated in 24 space flight missions that carried a total of 34 life sci-
ences payln;u 's mito orbit. Across these 34 puyh)zlds, 142 experiments
were conducted.

A variety of fac'ors contributed to this dramatic growth in space life
sciences research. On the operational side, an increase in the use of
small payloads on the Space Shuttle allowed for more Irequent access to
light opportunities. By their nature, small payloads have relatively short
development times and make minimal impact on mission resources.

These attributes make it easier to accommodate a small payload on any
given Shuttle flight. On the science side, throughout the 1990s, cell and
molecular biology have risen to a prominent place in the life sciences in
general, This shift has been reflected in the increase of space life sci-
ences studies conducted using cell cultures. Because of the small space
requirements and ease of automation for these studies, they have fit well
with the small pavloads trend.

Organizational factors contributing to the increase in space life sci-
ences research post-1990 include the fact that the life sciences program at
KSC did not begin in earnest until 1989, with only two experiments on as
many payloads flown prior to 1991. Participation in or sponsorship of 12
payloads followed over the next five years. A factor that may have delayed
the growth of space life sciences research is the Challenger explosion in
1986. The subsequent grounding of the entire Space Shuttle fleet for
nearly three years occurred after only the fifth life sciences Shuttle pay-
load. This temporarily left the then Soviet-sponsored Cosmos biosatellite
as the sole platform for conducting space lile sciences experiments.

Programs, Missions, and Payloads
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ARC and-KSC Life Sciences Missions Flown 1991-1995

1991 1992 1993 1994 1995 LEGEND o e~
Héll Cosmos/Bion VERTEBRATES: Adults or Juveniles
A4 24 24 L AL AT A Shutte :
rog (Xenopus laevis)
A A A A A A A A NASA’M' Human (Homo sapiens) &
2229 A @; m * Lefton Mir Newt (Cynopus pyrrhogasten a
& Igﬁgf;gm Flown Rat (Rattus norvegicus) g 3 ﬁ 42: ﬁ ﬁ
MISSION CHRONOLOGY Rhesus monkey (Macaca mulatta) ==
Mission Payload Launch Duration _Expts. VERTEBRATES: Embryonic Forms
A STS-40 Spacelab Life Sciences 1 (SLS-1) 06/05/91 9 days 33 Frog (Xenopus laevis) egg
A sTS-88 Physiological and Anatomical Radent Experiment 1 (PARE.O1)  09/12/91 5 days 1 Japanese quail (Coturnix coturnix) eqg b x E 714
A ST1S-42 International Microgravity Laboratory 1 (IML-1) 01/22/92 8 days 5 Newt (Cynaps pyrrhogaster) eqg A
L STS-46 ~ Pituitary Hormone Cell Function (PHCF) 07/31/92 8 days 1 - -
& SIS Spacelab-J (SL-J) 09/12/92  8days 3 :':;;:L':‘/Z?:E; Fydian ov """2"2:
£ STS-52 ~ Physiological Systems Experiment 2 (PSE.02) 10/22/92 10 days 2 Nematods {Casnorhibditis clégans A
E2§ Cosmos2229  Bion 10 12/29/92  12days 12 e S,
A S1S54 CHROMEX-03 01/13/93 6 days 1 INVERTEBRATES: Embryonic Forms
Physiological and Anatomical Rodent Experiment 2 (PARE02)  01/13/93 6 days 6 Gynsy moth (Lymantria dispar) ega
A STS-5 Physiological and Anatomical Rodent Experiment 3 (PARE.03) ~ 04/08/93 9 days 2 Tobacco hornworm (Manduca sexta) pupa 4
& ST1S-57 Physiological Systems Experiment 3 (PSE.03) 06/21/93 10 days 2 PLANTS
A 5185 CHROMEX-04 : . 09/12/83 10 days 3 Mouse-ear cress (Arabidopsis thaliana) 4> @» £
£ STS-58 _ Spacelab Life Sciences 2 (SLS-2) L 10/18/93 l4days _ 28 Oat (Avena sativa) A
4 STS60 IMMUNE.1 = . 02/03/94 8days At Orchardgrass (Dactylis glomerata.) 4
A STS-62 Physiological Systems Experiment 4 (PSE.04) Al 03/04/94 14 days 2 Soybean (Glycine max) H A
A STS-59 __National Institutes of Health Cells 1 (NIH.C1) 04/09/94  1ldays 3 Wheat{(Triticum aesthum) L 448
L STS65 International Microgravity Laboratory 2 (IML-2) 07/08/94 15 days 3 -
B STS-64 Biological Research in Canisters 2 (BRIC-02) 09/09/94 11 days 1 g::;hg::::":‘::: AND UN"'ELLUALAR FORMS
L STS-68 Biological Research in Canisters 1 (BRIC-01) 09/30/94 11 days 2 i =
CHROMEX-05 09/30/94 11 days 1 Chicken (Galus galus) o L6
A STSE6 National Institutes of Health Cells 2 (NIH.C2) 1/03/94  11days 2 Daylily (Hemerocallis) L
National Institutes of Health Rodents 1 (NIH.R1) 11/03/% 11 days 13 Human (Homo sapiens) A
A STS63 Biological Research in Canisters 3 (BRIC-03) 02/03/95  8days i RM"‘;-;E (Mus musculus) A
CHROMEX-06 02/03/95  8days | atiRatus norvegicusi AAALAA
IMMUNE.2 02/03/95 8 days 1 Slime mold (Physarum polyce{;ﬁalum) A
National Institutes of Health Cells 3 (NIH.C3) 02/03/95  Bdays 3 YeastiSacchanmmyces cereusil A
£  Soyuz70 Incubator 1* 03/15/95 104 days 9
P STS-71 Incubator 2* 06/27/95 128 days 9
. Greenhouse 1" 1
A sTS-70 ___Biological Research in Canisters 4 (BRIC-04) 07/13/95 9 days 1
Biclogical Research in Canisters 5 (BRIC-05) 07/13/95 9davs 1
National Institutes of Health Rodents 2 (NIH.R2) 07/13/95 9 days 6
B STS-69 Biological Research in Canisters 6 (BRIC-06) 09/07/95 11 days 1
National Institutes of Health Cells 4 (NIH.C4) 09/07/95 11 days 2
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ARC and KSC Life Sciences Missions Flown 1996-1998
ORGANISMS FLOWN

1996 1997 1998 \ * Left on Mir
AT & 44 U e
.. A4 Shuttle t Damaged in
& & H = A & NASA-Mir Mir collision
g A & Total Experiments Flown 1996-1998: 92
MISSION CHRONOLOGY
Mission Payload Launch Duration Expts.
A STS-72 National Institutes of Health Cells 5 (NIH.C-Sﬁf . ~ 01/11/96 ‘9days 2
National Institutes of Health Rodents 3 (NIH.R3) 01/11/96 9days 1
wr STS-76 Biorack 1 03/22/96 9days 3
Incubator 3 * 03/22/96 16 days 9
B Environmen': | Rad'ation Measurements on Mir Station 1* 03/22/96 188 days 1
& STS-77 Aquatic Research Facility 1 (ARF-01) 05/19/96 10 days 1
Biological Research in Canisters (BRIC-07) 05/19/96 10 days 1
IMMUNE.3 05/19/96 10 days 1
National Institutes of Health Cells 7 (NIH.C7) 05/19/96 10 days 2
& STS-78 Biological Research in Canisters 8 (BRIC-08; 06/20/36 17 days 1
Life and Microgravity Spacelab (LMS) 06/20/96 17 days 3
e STS-79 Greenhouse 2* 09/16/96 123 days 1
Environmental Radiation Measurements on Mir Station 2* 09/16/96 127 days 1
A STS-80 Biological Research in Canisters 9 (BRIC-09) 11/19/96 18 days 1
National Institutes of Health Cells 6 (NIH.C6) 11/19/96 18 days 2
National Institutes of Health Rodents 4 (NIH.R4) 11/19/96 18 days 1
™1 Bionll Bion 11 12/24/96 14 days 9
o STS-81 Biorack2 011297 10 days 5
Eifective Dose Measurement during EVA1* 01/12/97 10 days 1
Environmental Radiation Measurements on Mir Station 3* LAYZEY 132 days 1
Biological Research in Canisters on Mir (BRIC-Mir)* 0112/97 132 days 1
o STS-84 Biorack 3 05/15/97 9days 4
Effects of Gravity on Insect Circadian Rhythmicity* 05/15/97 143 days. 1
Greenhouse 3* - _0515/97 122 days N
Effective Dose Measurement during EVA 2* 05/15/97 N/At 1
Environmental Radiation Measurements on Mir Station 4* 05/15/97 143 days 1
A STS-85 Biological Research in Canisters 10 (BRIC-10) 08/07/97 12 days 1
™ STS-86 Active Dosimetry of Charged Particles” ) _09/25/97 104 days i
Environmental Radiation Measurements on Mir Station 5* 09/25 /97 128 days 1
A sTS-87 Collaborative Ukranian Experiment (CUE) 11/19/97 16 days 11
A STS89 Closed Equilibrated Biological Aquatic System (CEBAS) 01/22/98 S days 2
B Microgravity Plant Nutrient Experiment (VIPNE) _01/22/98 9 days 1
A sTS90 Neurolab (NL) 4 _ 04/17/98 16 days 15
A STS%5 Biological Research in Canisters 13 (BRIC-13) 10/29/98 9 days 1
Biological Research in Canisters PEG/C 10/29/98 9 days 1
National institutes of Health Cells 8 (NIH.C8) 10/29/98 9 days 1
Vestibular Function Experiment Unit (VFEU) 10/29/98 9 days 1

VERTEBRATES: Adult or Juveniles
Rat (Rattus norvegicus)

Mouse (Mus musculus)

Oyster toadfish (Opsanus tau)

Swordtail fish (Xiphophorus heller)

Rhesus monkey (Macaca mulatta)

VERTEBRATES: Embryonic Forms
Japanese quail (Coturnix coturnix) egg
Medaka (Oryzias latipes) embryo

INVERTEBRATES: Adults or Juvenil
Nematode (Caenorhabditis elegans)

Snail (Biomphalaria glabrata)

Cricket (Acheta domesticus)

Black-badied beetle ( Trigonoscelis gigas)

INVERTEBRATES: Embryonic Forms
Tobacco hornworm (Manduca sexta) pupa
Sea urchin (Lytechinus pictus) egg and embryo

PLANTS

Tomato (Lycoperscion escuientum)
Tobacco (Nicatiana tabacum)

Doug!as fir ( Pseudotsuga menziesi)
Loblolly pine (Pinus taeda)
Orchardgrass ( Dactylis glomerata)
Cucumber (Cucumis sativus)
Mouse-ear cress (Arabidopsis thaliana)
Soybean (Glycine max)

Mustard (Brassica rapa)

Hornweed (Ceratophyllum derersum) i
Wheat (Triticum aestivuin) Al
Moss (Ceratodon purpureus) a5

CELL CULTURES AND UNICELLULAR FORMS
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Daylily (Hemerocallis cv. Autumn Blaze) H1r
Bacterium (Burkholderia cepacia) b1 3

Sea urchin { Strongelocentrotus pupuratus) sperm 3

Sea urchin (Lytechinus pictus) sperm o>

Chicken (Gallus gallus) AHA
Human (Homa sapiens) Pl 75 £ 51 3 54 4
Rat (Rattus norvegicus) A

Mouse (Mus musculus) b 7o g 51 e
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The Space Shuttle Program

L ife sciences research was pro-
lific within the Space Shuttle pro-
agram between 1991 and 1995. In
this five-vear period. 21 Space
Transportation Svstem (STS) nis-
sions carried life sciences ex eri-
ments into Earth orbit. Tivo major
trends within the Shuttle program
gave the life sciences research
community increased access to
space: the more frequent use of
small payloads and NASA pro-
motion of the commercial devel-

opment of space.

The use of small pavloads has offered lite scientists numerous oppor-
tunities. The location of small payloads in the middeck aliows for late
loading before launch and early recovery after landing. Quick postflight
access allows researchers to examine the effects of microgravity on living

systems before the organisms readapt to Earth gravity. Use and rense of

existing hardware minimizes development costs and the lag time
between initial experiment proposal and actual flight. These payloads
can be flown with short preparation time  allowing investigators to repeat
experiments and verify data on subsequent missions. Several life sciences
small pavload series have taken advantage of existing hardware and the
ability to reflv experiments. These advantages are accompanied by some

limitations. Small payloads must be highly automated and require mini-
mal or no crew involvement. Signiﬁczmt crew interaction with experi-
ments is not possible since the middeck has no laboratory facilities. Size,
weight, safety, and containment restrictions are especially important
because small middeck payloads share space with crew living quarters.

The focus on the commercialization of space has also contributed to
the success of the Shuttle program. Five commercially sponsored life sci-
ences payloads were flown during the 1991-1995 period: PSE.02 on
STS-52, PSE.03 on STS-57, PSE.04 on STS-62, IMMUNE.1 on STS-60,
and IMMUNE.2 on STS-63. On each mission, a NASA Commercial
Space Center (CSC) [formerly Center for the Commercial
Development of Space (CCDS)| worked closely with a corporate part-
ner to develop the payload. NASA is currently working towards com-
mercializing the operation of the Space Shuttle.

The NASA CSC network was created in 1985 to enable government,
industry, and academic institutions to effectively combine resources.
Since then, the network has become increasingly important to the promo-
tion of private sector investment in space-related research. NASA cur-
rently operates 17 CSCs in the areas of materials processing, biotechnolo-
gy, remote sensing, communications, automation and robotics. space
propulsion, space structures, and space power. Each is based at a univer-
sitv or a nonprofit research institution. The network receives annual fund-
ing and scientific and technical expertise from NASA. Additional financial
and in-kind contributions from industry affiliates and state and other gov-
emment agencies often exceed funding provided by NASA. Distribution
of cost in this manner increases the feasibility of space research.
Partnerships with industry also help emerging technological applications
to move quickly and effectively from the lab,ratory to the marketplace.

Programs, Missions, and Payloads
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STS Facilities

The STS is NASAS primary launch system for placing payloads in
Earth orbit. The central component of the STS is the Space Shuttle, a
reusable orbiter launched with a pair of solid-propellant boosters and a
liquid propellant tank. The Shuttle is always launched [rom Kennedy
Space Center and lands there except in the case of inclement weather.
Edwards Air Force Base provides an altemate landing site for those occa-
sions. The STS fleet currently consists of four interchangeable orbiters:
Atlantis, Columbia, Discovery, and Endeavonr. The middeck of the
orbiter serves as the living area of the Shuttle crew and provides storage
for small pavloads. Spacelab, the STS life science laboratory, is mounted
within the Shuttle cargo bay (Fig. 2). Space!' " and other STS compo-
nents operational prior to 1991 are profiled in Life into Space, 1965-1990.

The SPACEHAB module is a facility leased by NASA from SPACE-
HAB, Inc. SPACEHAB, which mounts in the forward end of the Shuttle
cargo bay. serves as an extension of the Shuttle middeck volume. This
extended space allows for the cost-effective and efficient flight of pay-
loads that could not otherwise be accommodated in the middeck.

NASA signed a lease agreement with SPACEHAB, Inc. in late
1990 covering five flights of the module on the Shuttle. SPACEHAB,
Inc. is responsible for integrating SPACEHAB into the Shuttle, for doc-
umenting safety arrangements, and for training Shuttle crew in opera-
tion of the facility .

The crew can enter the module from the middeck through a tun-
nel adapter connected to the airlock. The facility weighs 9628 pounds,
is 9.2 feet long, 11.2 feet high, and 13.5 feet in diameter. It increases
pressurized experiment space in the Shuttle orbiter by 1100 cubic feet,
quadrupling the internal working and storage volume of the Shuttle. Tt

Spacelab Cargo Bay
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I
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Cockpit SPACEHAB

Figure 2. The Spacelab and SPACEHAB modules are pressuized laboratory faciiities that
can be placed in the Shuttle cargo bay. The middeck contains pressurized living quartars
for the crew as well as locker space for holding small payloads.

has a total payload capacity of 3000 pounds. Environmental control of
the laboratory interior maintains ambient temperatures between 65
and 80 °F. Experiments housed within SPACEHAB have access to
power, temperature control, and command/data functions. Other
accommodations include optional late access and early retrieval of pay-

loads within SPACEHAB.
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Pavloads can be mouated directly in SPACEHAR but are usunally
placed in SPACEHAB lockers. which are identical to Shuttle middeck
lockers. or SPACEHAB racks.

SPACEHAB flew threc times on the Space Shuttle between 1991
and 1995 on the STS-37 mission in 1993 carrying the PSE.03 payload.
on the STS-60 mission in 1994 carrving the IMMUNE.1 payload, and
on the STS-63 mission in 1995 carrving the IMMUNE.2 payload. The
module carried life sciences payloads five times between 1996 and 1998:
on the STS-76 and STS-77 missions in 1991, the STS-S1 and STS-S84
missions in 1997, and the STS-95 mission in 199S.

Additional Reading

NASA. STS-57 Press Kit. June 1993. Contained in NASA Space
Shuttle Launches Web site. http/Avww ksc.nasa. gov/shuttle/mis-
sions/missions.html.

NASA. STS-60 Press Kit, February 1993. Contained in NASA Space
Shuttle Launches Web site. http/www.ksc.nasa.gov/shuttle/mis-
sions/missions.html.
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CHROMEX Payloads

The CHROMEX program was developed to study the effects of
microgravity and space flight on plants, The CHROMEX acronym
derives from an early focus on chromosome integrity and the cell divi-
sion process. After the second payload in the series, the research [ocus
broadened to include plant growth, development, structure, and mor-
phology, but the acronym was retained as the name of the payload series.
Understanding such effects is critical to developing bioregenerative life
support systeins for long-tern space travel, since these systeins (l(-l)(ﬂ\(,l
on the ability to grow plants reliably in the space environment.
CHROMEX experiments are also expected to benefit the agriculture,
horticulture, and forestry indlustries, whose production is dependent on
plant growth. CHROMEX payloads fly in the Space Shuttle middeck
using the Plant Growth Unit (PGU) to house and sustain specimens.

The first payloads, CHROMEX-01 on ST5-29 and CHROMEX-02
on STS-41. were flown in 1989 and 1990, respectively. They were not
included in Life into Space, 1965-1990 and so will be covered in the cor-
rent volune. Four missions carrving CHROMEX pavloads were flown
in the 1991-1995 period: STS-54, STS-51, and STS-68 in 1994 and
STS-63 in 1995.

Programs, Missions, and Payloads
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PAYLOAD PROFILE: CHROMEX-01/STS-29

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

Life Sciences Research Objectives

» To observe the rates of cell division and chromosome morphology in
plants grown in microgravity

Life Sciences Investigations
* Plant Biology (CHROMEX1-1)

Organisms Swdied
* Hemerocallis (daylily)
* Haplopappus gracilis (haplopappus)

Flight Hardv.are
* Plant Growth Unit (PGU)
» Atmospheric Exchange System (AES)

CHROMEX-01/STS-29

Mission Overview

The STS-29 mission was launched on the Space Shuttle Discovery
on March 13, 1989. After a five-day space flight, Discovery landed at
Edwards Air Force Base, California on March 18 Five crew members
flew aboard the shuttle.

The primary mission objective was to deploy the third Tracking and
Data Relay Satellite (TDRS-D). Included among the secondary objec-
tives was flying CHROMEX-01, the first Shuitle payload to be com-
pletely managed by Kenmedy Space Center (KSC).

Life Sciences Research Objectives

The CHROMEX-01 experiment was designed to determine
whether the roots of a plant develop similarly in microgravity and on
Earth. One objective was to test whether the normal rate, frequency, and
patterning of cell division in the root tip can be sustained in microgravity.
Another objective was to determine whether the fidelity of chromosome
partitioning is maintained during and after flight.

Life Sciences Payload

Organisms

Shoots of cell culture-derived daylily (Hemerocallis ev. Autumn
Blaze) and both tissue cultured and seedling clones of haplopappus
(Haplopappus gracilis) were used in the experiment. The two species
were selected so that both major groups of the plant kingdom would be
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represented. The daylily repre-
sented herbaceous monocotyle-
donous plants and the haplopap-
pus represented annual dicotyle-
donous plants. Haplopappus is
valuable for studies of chromo-
some behavior because it has only
four chromosomes in its diploid

state. Daylily was chosen for the
study because it has special kary-
otypic features (leatures related to
the number, size, and configura-
tion of chromosomes seen in the
metaphase pertion of mitosis) and
it is a species for which a great
deal of culture technology has
been developed.

Daylily (Hemerocallis cv. Autumn Blaze)

Hardware

The plants were flown in the Plant Growth Unit (PGU) located in
the middeck of the Shuttle. The PGU occupies a single middeck locker
and has a timer, lamps, heaters, and fans to provide temperature regula-
tion and lighting. The unit also has a data acquisition system and displays,
which allow the crew to monitor equipment status and environmental
parameters. Power is supplied by the Shuttle electrical system.

The PGU can hold up to six sealed Plant Grov ch Chambers. One of

the chambers can be replaced with an Atmospheric Exchange System

(AES) that filters the air in the cabin before pnmping it through four of

the remaining five chambers. When the AES is used, one chamber acts
as a control with no air exchange.

Each chamber consists of a metal alloy base and a Lexan lid. The
chamber base contains a temperature probe. The chambers provided
with air exchange have an air input and exit tube. The AES also contains
a dosimeter, which provides data on the radiation environment to which
the payload is exposed.

Operations

Preflight

Fach chamber of the PGU had a horticultural foam block with four
slits inserted into the base of the chamber. Five plants were inserted into
each slit. Plants received nutrient medium via capillary action from the
horticultural foam. Plant specimens were placed in the PGU one day
before the launch and the unit was loaded into the Shuttle middeck
about 14 hours before launch.

Inflight

Throughout the flight, the crew conducted daily checks of the exper-
iment hardware to ensure proper function.

The light cycle in the PGU was set to 16 hours of light and 8 hours
of darkness each day. The lights were tumed oft on the second flight
day in an attempt to cool down the unit, which was thought to have a
high temperature due to readings provided erroneonsly by a malfunc-
tioning temperature probe. On flight day three, the light cycle was
resuimed after the erew determined that the probe was malfunctioning
and verified the inaccuracy of the temperature readings. Temperatures
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The Challenges of Plant Biology Research in Space

Interview with Abrahain Krikorian

While working on his doctorate in botany at
Cornell University, Abraham Krikorian's advisor
encouraged his interest in space life sciences. His
advisor had participated in one of the 2arly plant-
related workshops on the topic and their research
group was subsequently invited to participate in
Cosmos 782, the first Soviet biosatellite mission to
include U.S. experiments.

They used a spmatic embryo system developed
in their Cornell lab. “Normally,” said Krikorian, “you
think of an embryo as being the product of a fusion of
sex cells, male and female. Somatic cells, he ever,

under certain circumstances, can be stim '~ d t¥

create structures that look very similar to Jally
derived embryos.” For their group’s purposes, somatic
cells were ideal. “They're clonal. They don't take up
much space. They can be grown in the dark. You can
get lots of them. And it became clear that we could
get a lot of information, if everything went right, in a
small space.”

Over the course of his research, he has observed
a delay in development in embryos exposed to micro-
gravity. However, “there should be no implications of
that finding for growing multiple generations of higher
plants in space. | think a plant is evolutionarily so
strongly built, it can withstand an awful lot of stress
and insult.”

If a system can be developed for the long-term
maintenance of somatic embryos in space, Krikorian
sees a future for them in closed-system life support,

supplementing or even replacing seeds. “You send up
somatic cells that are capable of making embryos.
You can store these. As you need them, you can take
them out of the storage area, scale up their growth,
and stimulate their development, so that this little
package of what are called totipotent cells can make
full plants. When you're finished with them, take some
of the embryos that haven't grown all the way, tuck
them away, and store them. And this way you have a
tool to manage plant germ plasm in space, a very
powerful tool.”

Krikorian, now at the State University of New
York at Stony Brook, believes that the future chal-
lenge to developing such a system is collaboration.
After 30 years of research, he states that so far "life
sciences missed the opportunity to broaden the
approach to dealing with experimentation in space. It
could have been much more interdisciplinary and
multidisciplinary than it’s turned out to be. Botanists
and biologists and animal developmentalists, they
know how to do their own thing. But they're going to
be able to do a much better job if they can interact
with mechanical engineers, biophysicists, soil physi-
cists, people who understand the physical factors as
they're affected in the low-G environment. We now
know that the vest majority of problems with younger,
less developed plant cells in space aren't even biolog-
ical. They're due to the physical environment, like how
gasses diffuse, hew water evaporates and makes
films, or doesr't make films."”

He emphasizes that this is not an intellectual
shortcoming on the part of the scientists. “No ordinary
plant biclogist or animal biclogist, for instance, is going
to be in a very strong position tc attack these issues hy
himself, using the biological perspective. They're going
to have to work intimately with people who understand
the physics. It's a real challenge, and little of this has
happened yet. In fact, all these separate disciplines,
they don't talk to each other. You have to break down
barriers, you have to have someone say, ‘Look, you
people are going to work together.”

Along with cooperation, Krikorian emphasizes
the importance of keeping an open mind in research.
“In my own work, we've made a lot of interesting dis-
coveries that would never have been made if ihe
challenges of daing flight experiments in space hadn't
come up.” He believes strorgly in having the freedom
to explore. Often, people ask him what he expects to
learn from an experiment. To that he replies, “How do
| know what I'm going to learn? We're going to test
this, but we're going to keep our eyes open. And it's
frequently the outcome of the phrase ‘we're joing to
keep our eyes open’ that gives you the best results.”
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during the flight fluctuated primarily between 25 and 26 °C but ranged
from 21.5 to 27.5 °C.

Postflight

After the Shuttle landed, the specimens were recovered and pho-
tographed. New roots initiated in space were analyzed in a ground labo-
ratory as they began their first cell division cycle.

An asynchronous ground control experiment was conducted in
September 1989 in the Orbiter Environmental Simulator (OES). The
OES is a modified environmental chamber at KSC whose temperature,
fumidity, and CO, level are electronically controlled based on down-
linked environmental data from the orbiter. Thus the plants within the
chamber are exposed to environmental conditions that are similar to
those experienced by the flight group during the mission.

Results

While shoot growth rate was lower among the flight specimens, root
growth was 40 to 50 percent greater. Root growth occurred in random
directions in space while being positively gravitropic in the ground con-
trols. Roots were generated in several ways: 1) laterally from preexisting
roots, the tips of which were severed at the time of plantlet insertion into
the growth substrate; 2) adventiticusly (appearing in an abnormal place,
as a root on a stem). {rom the basal ends of micropropagated shoots: and
3) de novo (i.e., starting from nothing, meaning there was no preexisting
root primordium from which the root originated) from roots that
emerged during the period in space.

The number of cell divisions observed in flight materials was uni-
formly lower than that observed in ground controls. Chromosomal aber-

rations were absent from the ground-control materials but present in 3
to 30 percent of the dividing cells in flight specimen root tips fixed at
recovery. The exact cause of these abnormalities is not known, but
dosimetry data suggested that radiation alone was not sufficient to
explain the results.

Additional Reading

Levine, H.G., R.P. Kann, and A.D. Krikorian. Plant Development in
Space: Observations on Root Formation and Growth. In: Fourth
European Symposium on Life Sciences Research in Space, European
Space Agency SP-307. Noordwijk, The Netherlands: ESA
Publications Division, 1990, pp. 503-508.

Levine, I1.G., R.P. Kann, S.A. O’Connor, and A.D. Krikorian.
Preliminary Results from the Chromosomes and Plant Cell Division
Experiment (Chromex) Flown Aboard Shuttle Mission STS-29.
American Society for Gravitational and Space Biology Bulletin, vol.
4(1), October 1990, pp. 78.

NASA. STS-29 Press Kit, March 1989. Contained in NASA Space
Shuttle Launches Web site. http/Avww kse.nasa.gov/shuttle/mis-
sions/missions.html.
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PAYLOAD PROFILE: CHROMEX-02/STS-41

Mission Duration: 5 days

Life Sciences Research Objectives

Date: October 6-10, 1990

* To observe the rates of cell division and chromosome morphology in

plants grown in microgravity

Life Sciences Investigations
* Plant Biology (CHROMEX2-1)

Organisms Studied

» Hemerocallis cv. Autumn Blaze (daylily)

* Haplopappus gracilis (haplopappus)

Flight Hardware

* Plant Growth Unit (PGU)
 Atmospheric Exchange System (AES)
* Gas Sampling Kit

CHROMEX-02/STS-41

Mission Overview

The Space Shuttle Discovery’s STS-41 mission was launched on
QOctober 6., 1990 and landed on October 10, 1990, at Edwards Air Force
Base, California. A five-member crew flew aboard the shuttle.

The primary mission objective
was to deploy the ESA-built Ulysses
spacecraft to explore the polar
regions of the sun. One of the sec-
ondary objectives was to fly

CHROMEX-02, a continuation of

the CHROMEX-01 experiment
flown on STS-29 in 1989. Like its
predecessor, CHROMEX-02 was
managed by Kennedy Space Center.

Life Sciences Research
Objectives

CHROMEX-02 was designed to
test whether the normal rate, fre-
quency, and patterning of cell division
in the root tip can be sustained in
microgravity and to determine
whether the fidelity of chromosome
partitioning is maintained during and

after flight.

Haplopappus (Haplopappus gracilis)
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Life Sciences Payload

Organisms

Shoots of cell culture-derived daylily (Hemerocallis cv. Autumn
Blaze) and tissue cultured haplopappus (Haplopappus gracilis) were
used in the experiment. Four different strains of haplopappus with dif-
ferent physiological and morphological characteristics were used: two
aseptic clones, each generated from a single seedling; and two tissue-
culture-derived lines.

Hardware

The hardware used was identical to that of CHROMEX-01. Plants
were flown in the Plant Growth Unit (PGU). An Atmospheric Exchiange
System (AES) flew inside the PGU. For general descriptions of the PGU
and the AES, see CHROMEX-01,

Operations

Preflight

Twenty-five shoots derived from aseptic suspension cultures of the
monocot davlily and 75 plantlets of the dicot haplopappus had their roots
severed prior to flight and were grown aseptically for four days in five
Plant Growth Chambers on horticultural foamn containing growth medi-
um. The major change in protocol between this flight and CHROMEX-
01 was the use of extensively washed horticultural foam, which necessi-
tated the addition of a wetting agent to the medium to facilitate its
uptake into the foam matrix. The foam was washed to help prevent
potentially detrimental components from leaching out of the foam and

possibly contributing to the chromosomal abberations. Plant specimens
were placed in the PGU one day before the launch. The unit was loaded
into the Shuttle middeck 14 hours before launch.

Inflight

A two-hour delayed synchronous ground control experiment was
conducted in the Orbiter Environmental Simulator (OES). For a general
description of the OES, see CHROMEX-01.

The crew conducted a single inflight gas sampling procedure and a
daily check of the experiment hardware to ensure proper function.

Postflight

After the Shuttle landed, the specimens were recovered and pho-
tographed. The space-grown root tips were fixed and subsequently
examined for rates of cell division and chromosomal aberrations.
Specimens were also used for overall shoot and root growth measure-
ments. Selected individual specimens were successfuily retrieved intact.
grown throngh a full life cycle, and allowed to produce progeny for
multigenerational postflight studies on the ground.

Results

Root growth occurred randomly in all directions in space. In con-
trast, growth was uniformly positively gravitropic, so that roots grew in
the direction of the gravity vector, in ground controls Flight and ground-
control plants produced equivalent amounts of tissue and maintained
their characteristic root-production patterns. Seedling-derived plantlets
produced roots that were numerous but relatively short. Capitulum-
derived plantlets (i.c.. those derived from plants committed to the “flow-
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cring” developmental pathway) produced fewer roots, but they were on
average longer than those of the seedling-derived plantlets. Capitulum-
derived plantlets are genetically disposed from their phenotype to have
fewer roots because the energy is directed at producing the flower,
whereas plantlets derived from seedlings would expect to have relatively
normal root development because the seedling is directing development
of the whole plant. The clonal root phenotype was not changed in space,
at least for the short duration of the experiment. However, plantlets from
both sources exhibited total root-production values that were 67 to 95
percent greater than those obtained in their ground-control counter-
parts. Microgravity may have brought about an altered moisture distribu-
tion pattern in the foam growth substrate, giving a more moist and there-
by more favorable environment for root formation.

Additional Reading

Levine, H.G., R.P. Kann, and A.D. Krikorian. Plant Development in
Space: Observations on Root Formation and Growth, In: Fourth
European Symposium on Life Sciences Research in Space, European
Space Agency SP-307. Noordwijk, The Netherlands: ESA
Publications Division, 1990, pp. 503-508.

NASA. STS-41 Press Kit, October 1990. Contained in NASA Space
Shuttle Launches Web site. http:/Awvww.ksc.nasa.gov/shuttle/mis-
sions/missions.html.
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PAYLOAD PROFILE: CHROMEX-03/STS-54

Mission Duration: 6 days Date: January 13-19, 1993

Life Sciences Research Objectives

* To observe the effects of microgravity on seed development and the
effects of weightlessness on plant reproduction

Life Sciences Investigations
* Plant Biology (CHROMEX3-1)

Organisms Studied
 Arabidopsis thaliana (mouse-ear cress)

Flight Hardware
* Plant Growth Unit (PGU)

CHROMEX-03/STS-54

Mission Overview

The six-day STS-54 mission was launched on the Space Shuttle
Endeavour on January 13, 1993. It landed on January 19. A five-member
crew flew aboard the Shuttle.

The primary mission objective was to deploy the fifth of NASAs
Tracking and Data Relay Satellites, which form a space-based network
providing communications, tracking, telemetry. data acquisition, and
command services for NASA spacecraft. A number of secondary objec-
tives were also accomplished during the mission.

Secondary payloads included the second in the series of
Physiological and Anatomical Rodent Experiments (PARE.02) spon-
sored by Ames Research Center and CHROMEX-03, sponsored by
Kennedy Space Center.

Life Sciences Research Objectives

Many space flight experiments have been conducted using plants.
Most of these plants have shown poor vigor and have failed to reproduce
successfully. In order to successfully provide bioregenerative life support
(life support using plants for food, water, and waste removal), it is impor-
tant to understand the reasons for these space flight effects.

CHROMEX-03 was designed to study how reproductive processes,
and particularly seed development, are affected by exposure o the
microgravity environment.

Programs, Missions, and Payloads
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Life Sciences Payload

Organisms

Mouse-ear cress (Arabidopsis thaliana) plants were used in the
experiment. The flight and ground control groups each contained 36
plants. The plants were launched in the preflowering stage (14 days).

This species is a flowering herb that is widely used for research in
plant genetics because its genome size and short life cycle (45 days)
make it an ideal candidate for gene mapping studies. Mouse-ear cress
was also chosen because its small size allowed it to fit easily into the
experiment hardware.

Hardware
The plants were housed in the Plant Growth Unit (PGU). For a gen-
eral description of the PGU, see CHROMEX-01.

Operations

Preflight

Seeds were sown on agar 14 days prior to loading into the Plant
Growth Chambers so that the plants would be developing flowers on
orbit. The chambers were loaded into the PGU and then into the
Shuttle middeck.

Inflight

A 48-hour delayed synchronous ground control experiment was con-
ducted in the Orbiter Environmental Simulator (OES). For a general
description of the OES, see CHROMEX-01

The only experiment operation
the crew performed was to conduct a
dailv check of the experiment hard-
ware to ensure proper function.

The plants reached the flowering
stage on orbit and naturally occurring
pollination of the flowers took place
during the flight period.

Postflight

After the Shuttle landed and the
plants were recovered, reproductive
leaf and root structures were pre-
served and subjected to morphologi-
cal, histological, and biochemical
analyses. Flowering material was
examined by light and electron
microscopy. Enzyme activity in the
roots and leaves was also examined.

Results

There were striking differences
between the flight-grown mouse-ear
cress plants and the ground controls.
Reproductive development was
aborted at an early stage in the flight
material in both male and female
reproductive structures. Flight foliage

Mouse-Ear Cress (Arabidopsis thaliana)
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had significantly lower carbohydrate content than foliage of ground

controls. and root alcohol dehydrogenase levels were higher in space
flicht tissue.

Additional Reading
NASA. STS-54 Press Kit, January 1993. Contained in NASA Space

Shuttle Launches Web site. http/Avww. ksc.nasa.gov/shuttle/mis-
sions/missions.html.
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PAYLOAD PROFILE: CHROMEX-04/STS-51

Mission Duration: 10 days Date: September 12-22, 1993

Life Sciences Research Objectives

« To observe the effects of microgravity on seed development and plant
reproduction

» To examine the rate and extent of photosynthesis and biomass genera-
tion in microgravity

* To observe the rates of cell division and chromosome morphoiogy in
plants grown in microgravity

Life Sciences Investigations
* Plant Biology (CHROMEX4-1, 2, 3)

Organisms Studied
» Arabidopsis thaliana (mouse-ear cress)
» Triticum aestivum (Super-Dwarf wheat)

Flight Hardware
* Plant Growth Unit (PGU)

CHROMEX-04/STS-51

Mission Overview

The STS-51 mission began with the launch of the Space Shuttle
Discovery on September 12 and ended with its landing on September
22. There were five crew members onboard the Shuttle during its 10-
day mission.

The primary mission objectives were to deploy NASAs Advanced
Communications Technology Sutellite/Transter Orbit Stage payload
and 1o deploy and retrieve a German-built satellite called the Orbiting
and Retrievable Far and Extreme Ultraviolet Spectrograph-Shuttle
Pallet Satellite.

One of the secondary pavloacds onboard the Shuttle was the fourth in
the CHROMEX series. Like the previous payvloads, CHROMEX-04.
which contained three plant biology experiments, was managed by
Kennedy Space Center.

Life Sciences Research Objectives

The first of the experiments in the CHROMEX-04 pavload was a
repeat of the CHROMEX-03 experiment designed to study the distur-
bances in seed production that occur in microgravity.

The second experiment replicated the CHROMEX-01 and -02 exper-
iments but used Super-Dwarf whent rather than the daylily and haplopap-
pus plants that were used in the previous two [lights. Its objective was to
study root growth and cell division in plants exposed to microgravity:

The third experiment was designed to stady the processes of cell
wall formation and gene expression in microgravity.
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Life Sciences Payload

Organisms

Two plant species were used in the three experiments. The seed
production experiment used twelve 14-dav-old mouse-ear cress plants
(Arabidopsis thaliana). The celi and chromosome division experiment
nsed 24 three- to six-dav-old Super-Dwarf wheat (Triticum aesticum)
plants, and the plant metabolism and cell wall formation expernment
used 24 two-day-old Super-Dwarl wheat plants.

Super-Dwarl wheat is similar to ordinary wheat cnltivated in felds,
with the exception that it is about eight inches tall at maturity. Its small
size makes it a good candidate for space experiments and for use in biore-

generative lile support systems since there is limited room on spacecraft.

Hardware

During the flight experiment, all plants were housed in the Plant
Growth Unit (PGU). For a general description of the PGU, see
CHROMEX-0LI.

Each experiment used a different support and nutrient delivery sys-
tem (Fig. 3). The three- to six-dav-old Super-Dwarf wheat plants in the
cell and chromoscme experiment used a Nitex Sleeve/Horticultural
Foam system. Plantlet roots were placed in a Nitex mesh sleeve inserted
into slots in horticultural foam. The foam was loaded with nutrient solu-
tion to provide water and plant nutrients. The two-day-old wheat plants in
the cell wall formation experiment used an Agar Bag system. Imbibed
seeds were placed in pipette filters which in turmn were attached to the top
of rectangular polypropylene bags filied with agar. The mouse-ear cress
plant experiment used an Agar Tube/Horticultural Foam system. The

plants were grown in agar-filled polycarbonate centrifuge tubes. which
were inserted into a horticultural foam block for structural support.

Operations

Preflight
Plants for each of the three experiments were loaded into two Plant
Growth Chambers one day before launch.

Inflight

A 48-hour delaved synchronous ground control experiment was con-
ducted in the Orbiter Environmental Simulator (OES} using identicz]
hardware and plant specimens. For a general description of the GisS,
see CHROMEX-01.

The only operation tie crew performed was a daily verification of
proper hardware function.

Postflight
Following the flight, plant specimens were examined, dissected. and
preserved either by freezing or chemical fixation.

Results

Mouse-Ear Cress Plant Study

The experiment found that the plants produced numerous flowers,
which had a good appearance except for those in the latest developmen-
tal stages. Pollen viability was approximately 50 percent, and light micro-
scope examination of the pollen showed a range of morphologies, from
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Figure 3. Nutrient delivery sy-tems used on CHROMEX-04. A. Nitex Sieeve/Horticultural system. B. Agar Bag system. C. Agar Tube/Horticultural system.
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normal to collapsed. This amount of viable pollen should! have been able

to fertilize the flowers and initiate embryo development However, no
evidence of this was found, suggesting a pollen transfer problem.

Wheat Studies

In the chromosome and plant cell division experiment, measure-
ments were made of photosynthetic and respiratory rates of the space
flight and ground control wheat seedlings at recovery. Postflight mea-
surements revealed that the photosynthetic rate in space-arown plants
declined 25 percent relative to the rate in ground control planis.

The results from the plant metabolism and cell wall formation
experiment seem to indicate that microgravity does niot affect cell wall
architecture. Theretore, the cell wall organization has not been affected
to such an extent that microfibril architecture is interrupted.

Additional Reading

NASA. STS-51 Press Kit, Inly 1993. Contained in NASA Space Shuttle
Launches Web site. http:/Avww.ksc.nasa.gov/shuttle/missions/mis-
sions.html.
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PAYLOAD PROFILE: CHROMEX-05/STS-68

Mission Duration: 11 days Date: September 30-October 11, 1994

Life Sciences Research Objectives

* To determine whether infertility in space-growa piants is due to the
effects of microgravity or to environmental factors such as the lack of
air convection

Life Sciences Investigations
* Plant Biology (CHROMEX5-1)

Organisms Studied
* Arabidopsis thaliana (mouse-ear cress)

Flight Hardware
* Plant Growth Unit {PGU)
* Atmospheric Exchange System (AES)

CHROMEX-05/STS-68

Mission Overview

The STS-68 mission was launched on the Space Shuttle Endeavour
on September 30, 1994, On October 11, Endeavour, with its six-member
crew, landed at Edwards Air Force Base, California.

The primary payload was the Space Radar Laboratory, a system for
gathering environmental infonmation about Earth. The mission «lso had
several secondary payloads. Biological Research in Canisters 1 (BRIC-01)
and CHROMEX-05 were sponsored by Kennedy Space Center.

Life Sciences Research Objectives

The CHROMEX-05 experiment was designed to continue the
investigations initiated on the CHROMEX-03 and -04 payloads. It
focused on the process of seed production in microgravity. Researchers
sought to determine if disturbances in seed production observed in
space-grown plants may be due to reduced oxvgen transport to the
plants, since convective air movements are absent in microgravity. The
exneriment was also expected to help scientists increase their under-
standing of the processes of fertilization and development on Earth.

Life Sciences Payload

Organisms

Sixty 13-day-old mouse-ear cress (Arabidopsis thaliana) seedlings
were studied in the experiment. The flight and ground control groups
each contained 30 seedlings.
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Mouse-ear cress is a flowering herb widely used for research in plant
genetics because its genome size and short life cycle (45 days) make it an
ideal candidate for gene map ping studies. The species was also chiosen
because its small size fits easily into the experiment hardware.

Hardware

The plants were {lown in the Plant Growth Unit (PGU). The
Atmospheric Exchange System (AES) accompanied the PGU to provide
slow purging of the Plant Growth Chambers with filtered cabin air. For
general descriptions of the PGU and the AES, see CHROMEX-01.

Operations

Preflight

Thirty seeds were sown on agar 13 days prior to loading into the
chambers so that plants would be developing flowers at launch time. The
chambers were loaded into the PGU and then into the Shuttle middeck.

Inflight

A 48-hour deiaved synchronous ground control experiment was con-
ducted in the Orbitar Environmental Simulator (OES). For a general
description of the OES, see CHROMEX-01. The flight plants initiated
flowering shoots while on orbit. The only procedure the crew performed
was a daily verification of proper hardware function.

Postflight
The PGU was retrieved from the Shuttle two to three hours after
landing, and the reproductive material of the plants was immediately

processed. Gas samples were taken from the chambers before the plant
specimens were retrieved. The processed plant tissue was subjected to in
vivo observations of pollen viability, pollen tube growth, and esterase
activity in the stigma, or fixed for later niicroscopy.

Results

Under the conditions of this flight, the space-grown plants had
reproductive development comparable to that of the ground controls,
and immature seeds were produced. These results represent the first
report of successful plant reproduction on the Space Shuttle.

Additional Reading

NASA. STS-68 Press Kit, August 1994, Contained in NASA Space
Shuttle Launches Web site. http:/www.ksenasa.gov/shuttle/mis-
sions/missions.htinl.
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PAYLOAD PROFILE: CHROMEX-06/STS-63

Mission Duration: 8 days Date: February 3-11, 1995

Life Sciences Research Objectives

» To examine the effects of microgravity on aspects of plant cell wall
structure

Life Sciences Investigations:
* Plant Bivlogy (CHROMEX6-1)

Organisms Studied
* Triticum aestivum (Super-Dwarf wheat)

Flight Hardware
* Plant Growth Unit (PGU)

CHROMEX-06/STS-63

Mission Overview

The STS-63 mission was launched on the Space Shuttle Discovery
on February 3, 1995. The eight-day mission ended on February 11. The
six-member crew included the first female pilot to fly a space mission
and a mission specialist from Russia.

The primary mission objective was to perform a rendezvous and fly-
around of the Russian space station Mir to verify flight techniques,
communications and navigation interfaces, and engineering analyses
associated with Shuttle/Mir proximity operations in preparation for the
STS-T1 docking mission. STS-63 also marked the third flight of the
SPACEHAB module.

A]“('S R('S(?ill‘(,‘l] (,‘(-‘I'll(-‘l' Hl)()llS()r(‘d fwo Pll-\'l()il(lﬁ on tll(’J ]“iﬁbi()“.
named National Institutes of Health Cells 3 (NTH.C3) and IMMUNE.2.
Kennedy Space Center sponsored two payloads, called Biological
Research in Canisters 3 (BRIC.03) and CHROMEX-06.

Life Sciences Research Objectives

Previous experiments conducted in the space environment have
demonstrated that cellular changes occur in plants that are grown in
space. The CHROMEX-06 experiment examined the elfects of micro-
gravity on aspects of cell wall structure, including lignin deposition,
hydrogen peroxide concentration, calcium localization, and cell wall
anatomy in Super-Dwarf wheat.
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Life Sciences Payload

Organisms
super-Dwarf wheat seedlings were used in the experiment. Both

flight and ground control groups contained 72 seedlings. Super-Dveari

wheat is similar to ordinary wheat cultivated in fields, with the exception
that it is about eight inches tall at maturity. Its small size makes it a good
candidate for space experiments and for use in bioregenerative life sup-
port systems since there is limited room on spacecraft.

Hardware

The plants used in the experiment were flown in the Plant Growth
Unit (PGU). For a general description of the PGU, see CHROMEX-01.

Operations

Preflight

Twenty-four hours before launch, 12 one-day-old Super-Dwarf

wheat seedlings were transferred to each of six Plant Growth Chambers
(PGCs). The chambers were placed in a PGU, which was then loaded
into the Shuttle.

Inflight
The crew verified proper function of the hardware on a daily basis.
An asynchronous ground control experiment was conducted in the
Orbital Environmental Simulator (OES), using identical hardware and
plant specimens. For a general description of the OES, see
CHROMIEX-01.

Postflight

After the flight, specimens were recovered from the Shuttle and
taken to a ground laboratory. Gas samples were drawn from the bases of
the PGCs in order to assess the levels of carbon dioxide and ethylene
within the chambers. Specimens were then retrieved from the chambers
and root and shoot length and mass measurements were taken. Sait-solu-
ble extracellular proteins were extracted from leaves, stems, and roots of
plants grown in microgravity and from control plants. Tissues were
stained for lignin and peroxide content.

Results

Space-grown plants exhibited a variety of effects. The synthesis or
evolution of ethylene gas appeared to be inhibited. Lignin accumulated
in all leaf and root tissues. Flight plants appeared to have thinner cell
walls than ground controls. Their roots tended to be longer and less mas-
sive. Alterations in enzyme activity were also seen. The results suggest
that a lack of gravity produced genetic alterations that affected many
aspects of the plants physiology and development.

Additional Reading

NASA. STS-63 Press Kit, February 1995. Contained in NASA Space
Shuttle Launches Web site. http:/Awvww.ksc.nasa.gov/shuttle/mis-
sions/missions.html.
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Spacelab Life Sciences (SLS) Payloads

The Spacelab Life Sciences (SLS) program was a series of payload:
using the facilities of an entire Spacelab module to conduct a variety of
life sciences investigations. The S1.S-1 mission in 1991 carried the most
comprehensive suite of life sciences studies conducted in space since the
Skylab 3 mission in 1973. The SLS-2 1ission, which flew in 1993,
marked the beginning of a new era ol space life sciences research. For
the first time, rodent dissections were conducted in space. A SLS-3 mis-
sion was scheduled for late 1995 but was cut because of budgetary rea-
sons. The mission was to have included the enlmination of a long-
standing science and engineering collaboration between Ames Research
Center and CNES. the French space agency. Much of the SLS-3 science
was eventually transferred to the Bion 11 mission, launchied in 1996.

The general objective of the research in the SLS program was to
study the acute and chronic changes that living systems undergo during
exposure to the space environment. In humans, exposure to microgravi-
tv leads to loss of calcium, muscle mass, and body mass. Cardiac perfor-
mance diminishes, and fluids redistribute in the body, affecting the
function of the renal, endocrine, and blood systems. Blood volume
decreases, and the immune system undergoes changes. The balance
and positioning organs of the neurovestibular system adjust their func-
tioning, in an attempt to adapt the organism to an environment where
up and down ne longer exist.

Experiments for each SLS mission were selected on the basis of

their scientific merit and how well they could be integrated into a single

payload. Rats were used as experiment subjects on both SLS missions.
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Many of these rat studies were complemented by physiological studies
on the astronaut crew. The SLS-1 mission also carried jellyfish, for the
study of gravity-sensing organs. SLS-1 was a hardware verification flight,
which allowed for testing and verification of the intricate science proce-
dures implemented in SLS-2.

The Spacelab was flown in its long module configuration on both
missions. It provided laboratory facilities where the crew could conduct

the experiment procedures required by the various investigations.
Because the SLS missions were dedicated entirely to life sciences
research, crew members were able to devote more of their busy work
schedules to conducting the experiments than is usually possible. The
crews on both missions included payload specialists as well as career
astronauts. The payload specialists were life scientists who had under-
gone a period of astronaut training. Including payload specialists in a
crew allows maximum possible scientific yield. Their science training
provides the ability to modify experiment procedures when unexpected
situations arise or to salvage experiments that might be at risk because of
equipment malfunction.

Extensive biospecimcn sharing programs were imp]omented on
both missions. Biospecimen sharing is a means of increasing the scientif-
ic yield from a particular missior.. When it is anticipated that the planned
flight investigations will not require all available tissue samples, or tissue
remains unused postflight, NASA issues a Request for Proposals to the
science community. Scientists who require no additional inilight proce-
dures can gain access to biospecimens that have been exposed to micro-
gravity, a rare commodity. Through the program, tissues from the SLS
missions were distributed to researchers from the U.S. and several other
countries. Those tissues not immediately distributed are preserved and

retained by the Ames Research Center Data Archiving Project, for
future use by scientists.

The SLS programn was an international collaborative project, as a
result of the biospecimen sharing program. The collaboration not only
allowed NASA to mitigate the cost of flying the payloads and to share sci-
entific and technological knowledge, but also paved the way for U.S.
cooperation with international partners on future missions. Two SLS
payloads were flown during the 1991-1995 time period: STS-40. in
1991; and STS-58, in 1993.
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PAYLOAD PROFILE: SLS-1/STS-40

Mission Duration: S days Date: June 5-14, 1991

Life Science Research Objectives

* To study structural and functional changes that occur in the rat during
microgravity exposure

* To study the effect of microgravity on the development of gravireceptors
and behavior of jellyfish

« To evaluate the functionality of experiment hardware in the space flight
environment

Life Science Investigations

* Bone Physiology (SLS1-1, 2, 3, 4)

* Developmental Biclogy (SLS1-5)

 Endocrinology (SLS1-6, 7, 8)

« Hardware Verification (SLS1-9, 10)

* Hematoicgy (SLS1-11, 12)

¢ Immunology {SLS1-13, 14)

¢ Metabolism and Nutrition (SLS1-15, 16, 17)

* Muscle Physiology (SLS1-18, 19, 20, 21)

» Neurophysiology (SLS1-22, 23, 24, 25, 26, 27, 28, 29, 30, 31)
* Pulmonary Physiciogy (SLS1-32)

» Renal, Fluid, and Electrolyte Physiology (SLS1-33)

Organisms Studied
* Rattus norvegicus (rat)
e Aurelia aurita (jellyfish)

Flight Hardware

e Ambient Temperature Recorder (ATR-4)
e Animal Enclosure Module (AEM)

* AEM Water Refill Box

* Biotest Reuter Centrifugal Sampler (RCS)
 General Purpose Transfer Unit (GPTU)

¢ General Purpase Work Station (GPWS)

« Jellyfish Kits and Kit Containers

* Olympus 802 Camcorder

« Refrigerator/Incubator Module (R/IM)

* Research Animal Holding Facility (RAHF)
* Small Mass Measuring Instrument (SMMI)

Spacelab Life Sciences 1/STS-40

Mission Overview

The STS-40 mission was launched on the Space Shuttle Columbia
on June 5, 1991. After a nine-day flight, Columbia landed at Edwards
Air Force Base, California on June 14, 1991. The mission, managed by
NASA Johnson Space Center, carried a crew of seven. Scientists from
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Russia, France, Germany, and Canada participated in the mission in the
biospecimen sharing program. The mission was the first in which ani-
mals were allowed to float freely in microgravity outside of their cages
and the first time jellyfish were flown in space.

The primary mission objective was to conduct the experiments in the
Spacelab Life Sciences 1 (SLS-1) payload located within the Spacelab
module. The goals of Ames Research Center (ARC) were to prove the
functionality of the improved Research Animal Holding Facility (RAHF)
and ensure that the RAHF and General Purpose Work Station (GPWS)
maintained particulate containment relative to the Spacelab environment
during all operations. Rats and jellyfish served as subjects for the seven
experiments sponsored by ARC. Scientists sponsored by ARC also con-
ducted 17 collaborative experiments with Russian scientists on rat tissue
specimens. In addition, through the SLS-1 biospecimen sharing program,
more than 6000 rat tissue samples were distributed to scientists from par-
ticipating countries for supplementary studies.

Life Sciences Research Objectives

The primarv objective of SLS-1 was to conduct two hardware verifi-
cation tests. A Particulate Containment Demonstration Test (PCDT)
was to verify that the integrated system of animal housing and transfer
hardware functioned in microgravity, without contaminating the crew
environment. Specifically, the test was designed to demonstrate that the
RAHF and GPWS can contain solid particles down to 150 microns in
size, that the GPWS can contain fluids, and that the General Purpose
Transier Unit (GPTU), hardware designed to transfer research subjects
between the RAHF and GPWS, can maintain containment during
transter operations.

The Small Mass Measuring Instrument (SMMI) test was designed

to verify functional stability of the instrument in microgravity and to
give crew members some experience in operating the device. The
SMMI was to be usad to determine the mass of rodents and tissues on
the SL.S-2 mission, since conventional weight measurements are not
possible in microgravity.

The requirements of the hardware test determined the number and
habitation conditions of the rodents. Within these constraints, SLS-1
provided an opportunity to conduct many life sciences studies. The rat
studies on SLS-1 were designed to examine the structural and functional
changes that occur in response to space tlight. Muscle experiments
examined the adaptation of muscle tissue to microgravity. Hematology
experiments examied changes in blood volume and cellular compo-
nents and alteraions in the process of blood cell formation. Studies of
the vestibular system focused on changes in gravity receptors during
exposure to microgravity and adaptation on return to the Earth’s gravita-
tional field. Calcium physiology studies were expected to clarify and
expand on data from previous Cosmos biosatellite missions, which had
shown that space flight causes a negative calcium balance, decreased
bone density, and inhibited bone forination. Rats were flown in two cage
configurations in order to compare the responses of singly housed and
group-housed subjects.

The jellyfish development and behavior experiment had two objec-
tives. One was to determine whether the asexually reproducing polyp
form of jellyfish could metamorphose normally into the sexually repro-
ducing ephyra form (Fig. 4). The other was to determine whether the
development of gravity-sensing organs and swimming behavior are
affected by microgravity.
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Figure 4. Aurelia aurita undergoes both asexual and sexual reproduction during its life
cycle. Sessile pciyps metamorphose into strobilae, which produce ephyrae by asexual
budding. The ephyrae mature into medusae, which produce into zygotes and reproduce
sexually. Planula larvae that hatch from fertilized eggs eventually attach to a new: sub-
strate and develop into polyps.

Life Sciences Payload

Organisms

The rat experiments used 74 male specific pathogen free Sprague-
Dawley rats (Rattus norvegicus). The flight group contained 29 rats,
while the ground control groups contained 45 rats. At the time of launch.
the rats weighed between 250 and 300 g and were nine weeks old.

Approximately 2400 moon jellyfish (Aurelia aurita) were flown in
two groups. One group was in the polyp stage at launch, while the other
was in tne ephyra stag.

Hardware

The General Purpose Work Station (GPWS) was evaluated and ver-
ified in the PCDT using rodents and cages housed in the RAHF. The
GPWS is a laboratory work bench and biohazard cabinet for experiment
operations in the Spacelab. It provides containment of chemical vapors,
liquids, and debris released within it during experiments, such as dissec-
tions or specimen fixation. The crew can perform various procedures
inside the cabinet by inserting their arms into the gauntlets attached to
ports at the front and right side of the cabinet. The gauntlets stop at the
wrists, and crew members wear disposable surgical gloves after insert-
ing their arms. A window on one side of the cabinet allows interface
with the General Purpose Transfer Unit (GPTU), which facilitates
rodent cage transfer from the RAHF to the GPWS. The GPTU has a
frame with a sliding access door that interfaces with both the RAHF
and the GPWS. A sock attached to the frame encloses the rodent cage
during transfer. The GPTU is specifically designed to provide a second
level of particulate containment.
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A moditied version of a commercial air sampling device, the Biotest
Reuter Centrifugal Sampler (RCS), was used in the PCDT to collect
released particulates for postflight analysis.

The Smail Mass Measuring Instrument (SMMI) was tested to veri-
fy its calibration-maintenance capabilities and was used to measure the
mass of rodents and tissue samples by use of inertial methods. While
weight varies with gravitational force, mass remains constant. The
weight equivalent 1 G conditions can be calenlated using a simple
mathematical formula.

Rats were housed in two habitat types: the Animal Enclosure
Module (AEM) and the Research Animal Holding Facility (RAHF). The
AEM is a self-contained animal habitat, storable in a Shuttle middeck
locker, which provides ventilation, lighting, food, and water for a maxi-
mum of six adult rats. Fans inside the AEM cirenlate air throngh the
cage. passively controlling the temperature. A filtering system controls
waste products and odors. Although the AEM does not allow handling of
contained animals, a clear plastic window on the top of the unit permits
viewing or video recording. The Water Rc(ill Box enables inflight replen-
ishment of water.

The RAHF is a general use aniinal habitat designed for use in the
Spacelab module. Animal-specific cage modules are inserted, as need-
ed, to provide appropriate life support for rodents. Cages can be
removed from the RALF to accommodate inflight experiment proce-
dures. The RAHF habitat consists of rodent cage assemblies, each of
which carries two rats separated by a divider. The environmental con-
trol system actively controls temperature and passively controls huinidi-
ty. carbon dioxide, and oxygen levels, and maintains paraculate contain-
ment during cage reiroval. The feeding system supplies rodent food

bars on a demand basis. The water system provides pressurized, regu-
lated water to rodents. The waste management system collects urine

and leces in a waste tray and neutralizes odor. The lighting system pro-
vides a controllable light cycle for the cages. Activity monitors in each
cage record general movement using an infrared light source and sen-
sor. The data system collects environmental and animal data that is
passed on to the Spacelab data system for display, recording, and down-
link to the ground.

Jellytish Kits, placed in the Shuttle middeck, were used to main-
tain jellyfish during flight. measure the radiation dose, and apply fixa-
tive to specimens. Three of the four kits contained polyester bags with
polyethyler > lining, and the remaining kit contained polvethelene cul-
ture flasks, which allowed filming of the live specimens. Both bags and
flasks were filled with artificial sea water and air. Kit #1 contained 18
bags, six of which contamed radiation dosimeters. Kit #2 contained
syringe/bag assemblies with one to three syringes of fixative attached.
Kit #3 was used to hold the fixed specimens from Kit #2. Kit #4 con-
tained the culture flasks.

The Refrigerator/Incubator Module (R/IM) maintained a constant
temperature of 28 °C for the jellyfish. The R/IM is a temperature-con-
trolled holding unit flown in the Shuttle middeck that maintains a cooled
or heated environment. It is divided into two holding cavities and can
contain up to six shelves of experiment hardware.

An Ambient Temperature Recorder (ATR-4) accompanied each
AEM and the R/TM. The ATR-4 is a seif-contained. batterv-powered
package that can record up to four channels of temperature data.

An Olympus 802 camcorder was used to film the jellvfish in flasks.
The camcorder, an S-mm commercial model with standard features, was
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Flight Flight

VARIABLES RAHF-Caged * AEM-Caged
Number of Rats 19 10 20 10 10 5
Launch/
Recovery Stress actual actual none none none none
Gravitational Force micro-G micro-G 16 16 16 iG
Food Available ad lib ad lib ad lib ad lib ad lib ad lib

< - group y group . el
Housing single (5 per cage) single (5 per cage) single single
Exvirnameat spacecraft spacecraft sSi?cue,zactr%?t s“g‘é‘é%ﬁ%% standard lab standard lab

conditions conditions c%nditions c%nditions conditions conditions

Table 1. Flight and Control Groups for SLS-1 Rodents.

mounted on a multiuse bracket assembly, which also held the jellyfisk
specimen flask at a fixed distance.

Operations

Preflight

Three davs before launch. flight and control rat groups were
selected based on health, behavioral, and experimental criteria. The
flight rats were chosen for two groups: 10 housed in the AEM and 20
honsed m the RAHF. Each flight group had a synchronous ground
control counterpart with an identical number of rats and a basal con-
trol counterpart with half the number of rats (Table 1). For the bone

experiment, the rats were injected with the markers caleein and deme-

clocyeline. The hematology experiment required blood draws and
injection of multiple radicisotopes.

The RAHF cages containing the flight suibjects were loaded into the
Spacelab about 29 hours before the flight. On the day of launch. a water
lixit failed to function in one of the RAR." rodent cages. That cage was
flown empty. resulting in a RAHF flight group of 19 rts. To allow for
late loading at about 15 hours before launch, the AEMs were placed in
the middeck rather than the Spacelab.

Two days before launch, 2478 jellyfish arrived at Kennedy Space
Center in a portable incubator. The jellyfish were divided into 32 groups.
Six grouips of 25 jellyfish each were loaded into Kit #4 flasks for the jelly-
fish behavior experiment. The remaining 26 groups were placed in Kit
#1 and Kit #2 for the developmental studies. One hundred polyps were
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placed in each of the 18 Kit #1 specimen bags, while 66 polyps were
placed in the eighit Kit #2 bags. Polyps in six Kit #1 and two Kit #2 speci-
men bags were treated with iodine or thyroxine. substances that iniace
metamorphosis, so that the jellyfish would metamorphose into strobiiae
during the flight. Six more groups of Kit #1 polyps were treated 24 hours
before launch. Two Kit #1 groups remained untreated.

Inflight

For the PCDT, the crew emptied particulates consisting of food bar
crumbs, rodent hair, and simulated feces (in the form of black-eyed peas)
into two empty rodent cages in the RAHF by unsheathing pm't:(.uldtc
filled balioons during the flight. The RCS was then placed in front of each
cage to collect any released particulates. Fine mesh screens. on which par-
ticulates were captured, were stowed away for posttlight analvsis. Inflight
results of the test showed high levels of contamment, aliowing the crew to
transfer some of the rats to the GPWS from the RAHF. Also, rats were
released to float freely within the GPWS, providing the crew and scientists
on the ground the opportunity to observe animal behavior outside cages in
microgravity. Though unplanned, this activity was vital in planning SL.S-2
operations and predicting the animal reactiors within the GPWS.

The crew also tested the function of the SMMI during the fligi:t.
They confirmed that the instrument was stable in microgravity and prac-
ticed making rodent and tissue measurements to be performed on SLS-2

For the rat studies, light in the AEMs and RAHF was cycled at 12
hours of light and 12 hours of darkness. Temperature in the AEM was 27
to 32 °C and temperature m the RAHF was maintained at 25=2 °C. The
crew observed and videotaped the rats in the RAHF and AEMs, refilled
water in the AEMs, and performed feeder changeouts on the RAHF.

The crew performed various procedures to repair hardware mal-
functions. Despite their effoits, some hardware units did not function as
well as expected during the mission. Three of the RATIF activity moni-

tors failed inflight, but food and water consumption date were used to
determine that the animals were active. The RAHF drinking water pres-
sure transducer failed on the fifth flight day. Water consuniption data
were not accurate because ol variability in calibrating cage-by-cage deliv-
ery against the computer svstern.

The crew conducted several experiment operations on the jellytish
packages. These activities were conducted inside the GPWS for safety
reasons, ever though the Jellyfish Kits provide three containment lavers
ol polyethylene. Eight hours after launch, the erew removed kit contain-
er #2 from the Refrigerator/Incubator Module and injected iodine into
three specimen bags and thyroxine into three specimen bags in order to
indice metamorphosis of the jellyfish polyps. One group of jellyfish
ephyice in flasks were videotaped on the second, third, and fourth {light
days. Two other groups of jellyfish were videotaped on the fifth and sixth

hghf days. On the eighth (ld\ the crew injected glutaraldehyde into six
ol the bags to fix the |clly11sh and stored the bags in kit container #3 in
the Spawlaln Refrigerator.

Ground control studies for the jellyfish experiment included 32
groups of jellvfish, 14 of which formed a synchronous control. The
remaining 18 groups formed a one-week delaved-synchronous control.

Postfiight

Shortly after the Shutile landed, the flight and control rats were
removed from their Labitats, weighed, and assessed for general health.
They were then photographed and videotaped. Immediately after touch-
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Biospecimen Sharing and Tissue Archiving

Interview with Paul X. Callahan

Paul Callahan manages the Ames Research
Center (ARC) Data Archive Project, which archives
the data and biospecimens from ARC-sponsored pay-
loads. With a background in chemistry, biochemistry,
physiology, and engineering, he came to ARC in 1965,
and conducted experiments in endocrinology, stress
physiology, and related biochemical reactions. He
soon realized that his research was leading toward
performing experiments iri space, but at the time no
one was developing haruvvsare or operations to sup-
port the necessary lab animals in space. Soon, he
became involved in developing hardware for mission
development tests and later for Spacelab 3, and
eventually gave up research to support flight hard-
ware development and flight operations.

As the project manager for Spucelab 3, he
helped initiate the original U.S. biospecimen sharing
program zlong with Rod Ballard. Spacelab 3 was
mainly a hardware verification flight. According to
Callahan, “In flying Spacelab 3, we wanted to take a
look at the animals from the standpoint of their hus-
bandry, well-being, and normalcy as a research ani-
mal. We sat down and selected scientists and devel-
oped a set of investigaticns that would give us the
most information on the animals. We had some 50 or
50 investigators looking at all aspects of those rats
and squirrel monkeys."”

On the Spacelab Life Sciences missions,
biospecimen sharing was extended to Russian and
French investigators. Said Callahan, “We owed a

great debt to the Russians, for U.S. participation in the
Cosmos missions. We oot samples at 1 time when the
U.S. program was recovering from a major accident
[the Challenger explosion], and we had no other way
of getting flight specimens during that time.”

Along with others at ARC, Callahan continued to
promote the ivea of biospecimen sharing for future
‘lights. “These flights are less frequent than desired.
They're expensive, and we shouldn’t waste any
opportunity to maximize utilizing materials, funding,
and supplies.” Since then, ARC has amassed a bank
of biospecimen materials from many payluads. The
goal, said Callahan, is that "“if somebody wanted to
look at a bone flown on SLS-1, for instance, we would
have it preserved in such a manner that it would be
most useful.”

Biospecimens can remain in storage for @ long
time if kept in the oroper conditions. “For unfixed,
frozen specimens, we try to keep the temperature very
constant, within a degree of -70 °C. Overall, freezing is
the most useful method of prezservation. Depending
upon what you're looking at, storage has more or iess
of an effect. If you just wanted to look at mineral con-
tent in tissues, for instance, that's there almost regard-
less of what you do to the tissue. Whereas other
things, certain enzymes for example, are susceptible
to freezing, and just by freezing the tissue you lose
data.” Biospecimen preservation has allowed for the
re-analysis of specimens from older flights using
newer techniques not developed at the time of flight

(as CAT scans and immunological assays have provid-
ed answers to questions of 20 to 30 years ago).

Since the SLS-1 mission, biospecimen sharing
has <antinued to evolve. According to Callahan, “It
has progressed to the point that plant tissues are
include . in biospecimen sharing; Kennedy Space
Center has wiitiated a biospecimen sharing very simi-
lar to what we've had. And there has been a long-
standing interest in biospezimens with the human
side of the research. There are tissues, blood for
instance, available froin the astronaut crew that is
potentially useful in biospecimen sharing.”

Summing up, Callahan said, “We've learned
there is interest in this on the part of Pls. We've had
Pls propose experiments to flights that happened 10
years ago, and we've heen able to supply them with
tissues and results from other experiments on those
same animals. It's been very valuat e.”

Programs, Missions, and Payloads
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down, 10 of the rats from the RAHF, five from the AEM, and their
respective ground control counterparts were sacrificed. For the bone
experiments, the remaining nine RAHF flight rats, five AEM flight rats,
and ground control rats were given injections of tritiated proline and cal-
cein. Blood was also drawn from these rats for the hematology experi-
ment. The rats were sacrificed after they had been allowed to readapt to
Earth gravity for nine days postflight.

A specially trained team conducted the postflight dissections. Ames
Research Center involvement in the biospecimen sharing program
included oversight of the laboratory facilities used by visiting Russian
investigators, receipt of flight tissue samples, and coordination of ship-
ment of samples to Russia and France.

A Delayed Flight Profile Test (DFPT) was conducted, beginning
with the receipt of rats on June 6, 1991, at Kenmedy Space Center using
flight RAHF and flight AEM hardware. The DFPT simulated the SLS-1
mission timeline, the flight environmental conditions, including tempera-
ture, humidity, and light/dark cveles, and significant operational events,
such as hardware maintenance and rodent handling. Noise, vibration, and
acceleration profiles experienced during space flight were not simulated.

Results

Hardware

Both hardware tests verified the utility and functionality of the
GPWS and the SMML The PCDT using the GPWS and the RAIIF
was successful. Postflight analysis of the screens collected revealed that
particulate accumulation occurred during only one condition and on
one screen at less than 50 microns in size. This particulate accumulation

was due to the failure of the crew to adequately clean the interior back-

side of the GPWS [ront window, which led to the entrapment of materi-
al when the window was raised. Proper cieaning prevented a repeat
condition during the second particulate release. The SMMI perfor-
mance exceeded expectations and produced accurate measurements
during all trials.

Rodents

Jompared to the ground control rats flight rats, upon landing,
appeared be lethargic, to have reduced muscle tone. and to use their
tails less as balancing aids. These effects were more noticeable in the rats
housed in the AEMs than in those housed in the RAHF. Flight rats
gained less weight during the flight period than didd ground controls.
There was no difference in body weight gain between rats housed in the
RAHF and those housed in the AEM.

The henatology experiments showed that on the day of landing,
the flight rats had fewer red and white blood cells than did ground con-
trols, but their levels returned to normal by the ninth day postilight.
Muscle studies indicated that functional and structural changes oceur-
ring in muscle tissue could impair the normal movement patterns
mvolved in antigravity function and postural control. Housing type was
found to affect some of the changes occurring in bone during space
flight: singly housed animals were alfected to a greater degree and
showed slower recovery than group-housed animals. Research on gravi-
ty sensors indicated that rats were able to adapt to the microgravity
environment better than anticipated. Results also indicated that metab-
olisi, immune cell function, cell division, and cell attacliment may be
affected by microgravity.
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Jellyfish

Jellyfish ephyrae that developed in microgravity were normal in

most respects, although they showed hormonal changes while in space
and abnormalities in swimming behavior after returning to Earth.
Ephyrae that were flown after developing on Earth tended to show
changes in their gravity-sensing organs. The swimming behavior of both
ephyrae hatched on Earth and those that developed in microgravity
showed that they had difficulty orienting themselves in space.

Additional Reading

Dalton, B.P, G. Jahns, |. Meylor, N. Hawes, T. N. Fast, and G. Zarow.
Spacelab Life Sciences-1 Final Report. NASA TM-4706, August 1995.

NASA. STS-40 Press Kit, May 1991. Contained in NASA Space Shuttle
Launches Web site. http:/Awww.ksc.nasa.gov/shuttle/missions/mis-
sions.html.
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PAYLOAD PROFILE: SLS-2/STS-58

Mission Duration: 14 days Date: October 18-November 1, 1993

Life Science Research Objectives

* To study tive structural and functional changes occurring in the muscle,
bone, blood, and baiance systems of rats in response to space flight

Life Science Investigations

* Bone Physiology (SLS2-1,2, 3,4, 5)

» Cardiovascular Physiology (SLS2-6)

* Endocrinology (SLS2-7, 8)

* Hematology (SLS2-9, 10)

* Immunology (SLS2-11)

* Metabolism and Nutrition (SLS2-12, 13)

» Muscle Physiology (SLS2-14, 15, 16, 17, 18, 18, 20, 21)
* Neurophysiology (SLS2-22, 23, 24, 25, 26)

* Renal, Fluid, and Electrolyte Physiology (SLS2-27, 28)

Organisms Studied
* Rattus norvegicus (rat)

Flight Hardware

* General Purpose Work Station (GPWS)
*» General Purpose Transfer Unit (GPTU)
* Refrigerator/Incubator Module (R/IM)

* Research Animal Holding Facility (RAHF)
* Small Mass Measuring Instrument (SMMI)

Spacelab Life Sciences 2/STS-58

Mission Overview

The second mission in the Spacelab Life Sciences series. STS-58,
was launched on the Space Shuttle Columbia on Cetober 18, 1993. After
14 days in orbit, one of the longest missions in U.S. manned space histo-
ry to date ended on November 1. when Columbia landed at Edwards
Air Force Base, Califeria. A crew of seven flew aboard the Shuttle.

The primary mission chjective was to conduct experiments within
the Spacelab Life Sciences 2 (SLS-2) payload, an array of life sciences
investigations using the laboratory facilities housed in the Spacelab
module. The six experiments sponsored by Ames Research Center used
rats as research subjects. Experience gained from the SLS-1 mission
aided in the operational aspects of SLS-2. On this mission, for the first
time in the history of U.S. space flight, the crew conducted blood draws
and tissue dissections inflight. Conducting such procedures in space
enables scientists to clearly distinguish between the effects of micro-
gravity and the effects of landing and readaptation to Earth gravity. Rat
tissues collected inflight were preserved and distributed to scientists
from the U.S., Russia, France, :ind Japan through an extensive biospeci-
men sharing program.
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Life Sciences Research Objectives

The goal of the SI.S-2 mission was to study the structural and func-
tional changes occurring in the bone, muscle, blood, and balance systems
of rats and humans in response to space flight. The SI.S-2 experiments
were intended to supplement data gathered on these bodily changes
from previous U.S. payloads and Soviet/Russian missions, including SL-3,
Cosmos 1667, 1857, and 2044, prior to 1951, and SLS-1 in 1991. Bone
experiments were designed to study the changes in calcium metabolism,
bone formation, and mineralization that occur in microgravity. Muscle
studies focused on microgravity-induced atrophy. Hematology experi-
ments examined red biood cell shape and levels, blood cell mass, plasma
volume, and blood cell formation. Neurophysiology studies examined
the structure of gravity receptors and the physiological changes that may
be involved in the etiology of space adaptation syndrome. In previous
space flight experiments, scientists assessed space flight-induced physio-
logical changes by dissecting and analyzing animal tissues several hours
after the subjects were returned to Earth. Postilight dissection did not
permit researchers to clearly differentiate between the effects of space
flight on the organisms and the effects of readaptation to Earth gravity.
Readaptation to Earth gravity occurs rapidly in some systems and tis-
sues. The S1.S-2 experiments were the first space flight experiments to
assess changes occurring in tissues while organisms were still in space.

Life Sciences Payload
Organisms

The experiments used male, specific pathogen-free white albino rats
(Rattus norvegicus) of the Sprague-Dawley strain. Flying a large contin-

gent of rats 48) allowed investigators to gather statistically significant
data on a number of parameters. Ground control groups used 106 rats.
Each of the flight rats weighed approximately 300 g at launch.

Hardware

Rats were housed in individual cages in the Research Animal
Holding Facility (RAHF). Natural calcium in the food bar was replaced
with a non-radioactive calcium isotope (40Ca). Since diet and bone are
the main sources of calcium in the body, the absence of natural calcium
from the diet would indicate that any natural calciumn found in the ani-
mals’ blood, urine, or feces had to have been resorbed from bone during
flight. An Inflight Refill Unit, used to transport water to the RAHF from
the Shuttle middeck galley, was flown with the RAHF.

The General Purpose Transfer Unit (GPTU) was used to transfer rat
cages from the RAHFSs to the General Purpose Work Station (GPWS),
enabling the crew to perform inflight experiment procedures on the
rodents. Weights of the rats were determined using the Small Mass
Measuring Instrument (SMMI) and the Refrigerator/Incubator Module
(R/IM) pmvidcd temperature-controlled storage for tissue samples.

For general descriptions of the hardware used on SLS-2, see SLS-1.

Operations

Preflignt

The investigators in each science discipline group (hematology, mus-
cle, neurophysiology, and bone) were assigned a specific numbcr of flight
animals and developed their own specific control treatinents (Table 2).
The SLS-2 rodent investigators had more control over their experiment
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protocols than on SLS-1, which were constrained by the requirement for
hardware verification tests.

Animals belonging to the hematology group underwent determina-
tion of various preflight blood parameters using radioisotope injections.
A fluorescent bone marker was injected into tl e animals belonging to
the bone group to monitor the formation of new bone during flight.

Because of a mission launch scrub, the original group of flight ani-
mals was replaced with a backup group. Flight animals were loaded into
RAHF cages either one or two days before launch, depending on the
experiment protocol of the discipline groups.

Inflight
During the flight, the RAHF cages had a constant temperature of

24 + 1 °C. The lighting was cycled to provide alternating 12-hour periods
of light and dark throughout the flight. Access to food and water was
provided ad libitum.

On flight day six, five of the hematology rats received radioisotope
and either hormone or placebo injections. On flight day nine, the other
10 hematology rats received the same treatments. Blood draws were
taken from the hematology rats throughout the flight. On mission day
13, six of tie nenrophysiology/muscle flight animals were euthanized by

VARIABLES
Number of Rats 48 43 25 12 26
Launch/ |
Recovery Stress actua none none none none
Gravitational Force micro-G 16 16 16 16
Food Available ad lib ad lib ad lib ad lib ad lib
’ ingle (in RAHF ingle (in SL- :
Housing SIhg ﬁri%?s) H s'"gcgég‘s)s 8 single 2 per cage 1-2 per cage
imulated

- spacecraft simu standard lab standard lab standard lab

ERFipEet conditions sc%%%?t%ﬁfst conditions conditions conditions

Table 2. Flight and Control Groups for SLS-2 Rodents.
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An Astronaut’s Experience of the SLS Missions

Interview with Rhea Seddon

Rhea Seddon’s childhood interests in space and
life sciences led her to an MD and, subsequently, to
become one of the first six women accepted into the
astronaut corps. During her career as an astronaut,
she flew on three Space Shuttle missions, including
the two Spacelab Life Sciences missions, SLS-1 in
1991 and SLS-2in 1993.

Seddon was irvolved with the development of
SLS-1 and joined the crew as a mission specialist,
helping to conduct much of the inflight science. She
recalls that the care, housing, and behavior of the ani-
mals were central issues for the mission. To help
assess how animals react to weightlessness, a rat
was allowed to briefly float free within the General
Purpose Work Station. This was the first time an ani-
mal had been allowed to do so outside of its cage.

“This helped to answer some questions about
animal handling that were very important foi the
future of life sciences research, said Seddon. " think
if we hadn’t done that we would have had to develop
all kinds of procedures to deal with the possibility that
the animals might be aggressive and so we would
have wasted a lot of training time for SLS-2. That's
certainly one uf the things we like to do on each mis-
sion, to help future missions predict or prepare for
what they are going to do.”

For SLS-2, Seddon flew as the payload comman-
der. A major focus of the research was the inflight
animal dicsection, performed for the first time in
space. She explained that the dissection process was

carefully planned to address issues including logis-
tics, equipment, animal handling, and fixative use.

Performing dissections in microgravity poses
unique difficulties. The dissections were performed
within the General Purpose Work Station, providing a
limited amount of space. To allow for multiple dissec-
tions without stopping between each to clean the
area, open the door, and resupply, much equipment
w~s placed inside the work station, further limiting
space for operations. Even with all of the planning,
“there were still many unanswered questions,” said
Seddon. “Are these tissues gning to float away? Are
we going to get them in the fixative in the time
allowed? We had to fix the inner ear within two min-
utes and the muscles within ten, so we had specific
time constraints.”

According to Seddon, because of the extensive
biospecimen sharing with foreign investigators, the
dissection and biosampling became a complex proce-
dure. “There were lots of tissues that needed to be
properly dissected, and then properly fixed and prop-
erly labeled, and properly stored so we could bring
back the tissues that investigators wanted.”

Aithough challenging, the inflight dissections pro-
vided significant research benefits “Because we were
able to remove the inner ears of the rats in microgravi-
ty, the scientists could look at the actual structure of
the nerves.” As a result, investigators were able to
observe the adaptability of the nervous system, often
called neuroplasticity.

Among numerous challenges to conducting
experiments in space, Seddon cited the integration of
large quantities of a range of science into a single
mission with limited resources and the need to per-
torm operations never before conducted in space. For
payload specialists, learning to carry out ~xperiment
procedures the way the ground-based scientists
would do it can be a particular challenge. For Seddon,
as the payload commander for SLS-2, the ultimate
challenge may well have been “blending the needs,
desires, wishes, and priorities cf engineers and man-
agers from NASA, the crew from NASA, and the out-
side scientists.”

Many astronauts fly only one Spacelab mission
and never get the opportunity to draw upon the valu-
able experience gained in the inflight laboratory, as
Seddon did in her role as payload commander on
SLS-2. “One of the great things about Space Station is
that people will have a chance to do more than one
tour and use that experience,” she said. “It would be
strange for a scientist to go to the lab for a short peri-
od, come home, and not return to the lab.” However,
that is often the way it works in space.
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Hematology Group

Muscle Group

Vestibular/Muscle
Group

Bone Group

Synchronous’f Vivarium®
15 rats 15 rats 15 rats
10 dissected at landing 10 dissected at landing 10 dissected at landing 10 rats
5 sacrificed 9 days after 5 dissected 9 days after 5 dissected 9 days after dissected at launch
landing landing landing
Srats 5 rats 5 rats

dissected at landing

dissected one day after
landing

dissected at launch

16 rats

6 dissected inflight on
mission day (MD) 13

5 dissected at landing

5 dissected 14 days after
landing

16 rats

6 dissected on MD 13

5 dissected at landing

5 dissected 14 days after
landing

5rats
dissected 14 days after
landing

5 rats
dissected at launch

12 rats

6 dissected at landing

6 dissected 14 days after
landing

12 rats

6 dissected at landing

6 dissected 14 days after
landing

12 rats

6 dissected at landing

6 dissected 14 days after
landing

6 rats
dissected at launch

* Housed in SL-3 simulation cages

1 Includes standard vivarium and modified colony cages

Numbers apply only to the original six flight protocols; they do not apply to postflight tissue sharing.

Table 3. Rodent Dissection Schedule.
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decapitation (Table 3). Decapitation was used as the method of euthana-
sia because the altemnative, anesthesia, results in deterioration of neural
tissue. Anesthetizing the rats would have severely compromised the neu-
rophysiology experiment. After euthanasia, blood samples were collected
and tissues were dissected and fixed for postflight analysis.

Postflight

Flight and control rats were euthanized and dissected at various
times postflight. Flight rats not immediately dissected postflight were
used to monitor experimental parameters after readaptation to Earth
gravity. Tissues dissected from euthanized rats were preserved and dis-
tributed to the investigaivis and scientists from Russia, France, Japan,
and other foreign nations who participated in the extensive biospecimen
sharing program (BSP) tor SLS-2. Over 5500 BSP samples were
processed and shipped following the postflight dissections.

Results

Minimal change due to short-termn microgravity exposure was
observed in peripheral red blood cell production and parameters, but a
greater effect was seen in bone marrow progenitor cells. A decrease in
overall red blood cell mass also indicated possible ineffective formation
of red blood cells during space flight. These results indicate that longer
exposure to microgravity may significantly affect the number of circulat-
ing red blood cells.

During space flight, rats relied on bipedal forelimb locomotion,
using the hindlimbs only for grasping. Upon landing, their body posture
was abnormally low and their walking was slow and stilted, indicating
space tlight-induced muscle weakness, fatigue, and fanlty coordination.

Comparisons between inflight and postflight dissections showed that
although muscle atrophy occurs in microgravity, edema and lesions seen
in the muscle and interstitial tissues are artifacts of landing stress.
Microgravity had the greatest effect in the soleus muscle, with a reduc-
tion in slow muscle fibers and an increase in hybrid fibers.

Front and hindlimb and jaw-bone lengths were similar between
flight and control groups. The decreased mineralization rate during flight
did not appear to respond rapidly to reloading. Bone response to gravita-
tional unloading and reloading may differ at different sites in the body.

Preliminary vestibular data veplicated the main findings from SLS-1.

Additional Reading

Allebban, Z., L.A. Gibson, R.D. Lange, T.L. Jago, K.M. Strickland, D.L.
Johnson, and A.T. Ichiki. Effects of Spaceflight on Rat Erythroid
Parameters. Journal of Applied Physiology, vol. 81(1), July 1996,
pp- 117-122.

Buckey, Jay C. Overview and Reflections on a Successful SLS-2 Mission.
ASGSB Newsletter, vol. 10(2), Spring 1994, pp. 11-13.

Caiozzo, V.]., KM. Baldwin, F. Haddad, M.]. Baker, R.E. Herrick, and
N. Prietto. Microgravity-Induced Transformations of Myosin
Isoforms and Contractile Properties of Skeletal Muscle. Journal of
Applied Physiology, vol. S1(1), July 1996, pp. 123-132.

Kitajima, I, I. Semba, T. Noikura, K. Kawano, Y. Iwashita, 1. Takasaki, .
Maruyama, H. Arikawa, K. Tnoue, N. Shinohara, S. Nagaoka, and Y.
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Ohira. Vertebral Growth Disturbance in Rapidly Growing Rats during
14 Days of Spaceflight. Journal of Applied Physiology, vol. 81(1), July
1996, pp. 156-163.

NASA. STS-58 Press Kit, Septcmber 1993. Contained in NASA Space
Shuttle Launches Web site. http:/Avww ksc.nasa.gov/shuttle/mis-
sions/missions.html.
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Physiological and Anatomical Rodent
Experiment (PARE) Payloads

The Physiological and Anatomical Rodent Experiment (PARE) pay-
loads were designed to study physiological and anatomical changes that
occur in rodents as a result of microgravity. The experiments in the pro-
gramn were sponsored by Ames Research Center (ARC).

The experiment objectives in the three PARE payloads flown during
the 1991-1995 period were to further investigate the effects of micro-
aravity on muscle and bone tissue. Researchers hoped to learn more
about the bone loss and muscle atrophy that result from both space flight
nd aging to develop strategies for counteracting the adverse effects.

The Animal Enclosure Module (AEM), a self-contained life support
system, was used to house rodents for each payload. Use of existing,
flight-proven hardware helped to minimize the cost of the PARE series.

Three missions carrying PARE pavloads were flown during the
1991-1995 period: STS-4S. in 1991; and STS-54 and STS-56, in 1993,
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PAYLOAD PROFILE: PARE.O1/STS-48

Mission Duration: 5 days Date: September 12-18, 1991

Life Science Researck: Objectives

* To study the muscle atrophy that occurs in microgravity

» To compare the effects on skeletal muscle of a simulated microgravity
conditior. on Earth to the effects caused by microgravity

Life Science Investigations
» Muscle Physiology (PARE1-1)

Organisms Studied
* Rattus norvegicus (rat)

Flight Hardware

» Ambient Temperature Recorder (ATR-4)
* Animal Enclosure Module (AEM)

* AEM Water Refill Box

Physiological and Anatomical Rodent
Experiment 1/STS-48

Mission Overview

The STS-48 mission was launched on the Space Shuttle Discoven
on September 12, 1991, and was terminated on September 18 with the
landing at Edwards Air Force Base, California. Five crew members flew
aboard the Shuttle.

The primary objective of the STS-48 mission was to deploy the
NASA Upper Atmospnere Research Satellite. A secondary objective was
to fly the first in the series of Physiological and Anatomical Rodent

Experiment payloads (PARE.01) sponsored by Ames Research Center:

Life Sciences Research Objectives

The objectives of the PARE.O1 payload were to study muscle atro-
phy, glucose transport. and metabolism in microgravity, and to deter-
mine if a ground-based, tail-suspension model effectively reproduces
microgravity conditions for the purpose of studying space flight-
induced muscle atrophy. In the tail-suspension model, rats are main-
tained in cages in such a way that their hindlimbs no longer bear the
weight of their bodies.

Life Sciences Payload
Organisms

Juvenile female albino rats (Rattus norvegious) were the subjects ot
the experiment. Eight rats were used in the flight group, while 24 rats
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were used in four ground control groups. Juvenile rats allowed scientists

to investigate the effects of space flight on growing muscle. At launch,
each rat wa: 31 days old and weighed between 60 and 65 g.

Hardware

Rats were housed in an Animal Enclosure Module (AEM). The
AEM is a sell-contained rodent habitat, storable in a Shuttle middeck
locker, that provides ventilation, lighting, food, and water. For PARE.O1,
the AEM accommodated eight juvenile rats. Fans inside the AEM circu-
late air through the cage and passively control the temperature. A filter-

ing system controls waste products and odors. Although the AEM does

not allow handling of animals inside, a clear plastic window on the top of

the unit permits viewing or video recording. The Water Refill Box
enables inflight replenishment of water.

An Ambient Temperature Recorder (ATR-4) accompanied the
AEM. The ATR-4 is a self-contained, batterv-powered package that can
record up to four channels of temperature data.

Operations

Preflight

Eighteen rats were delivered to the launch site 10 days before
launch. The eight selected for the flight experiment were loaded into the
Shuttle approximately 19 hours before launch.

Inflight
Of the rats remaining at the launch site, five were euthanized and
used as basal controls for determining baseline levels of muscle weight

and protein content, while three others were kept in vivarium cages for
the duration of the mission, for health observation (Table 4).

Lighting inside the AEM was programmed to an alternating cycle of
12 hours light, 12 hours dark. The crew verified that the hardware was
functioning effectively during each flight day. They also observed the rats
daily through the transparent window of the AEM. On the third day of
the mission, they reported a noticeable odo: emanating from the AEM.
Visibility through the transparent window became progressively worse
during the mission due to animal debris deposited on the insice surface
of the window. By the end of the mission, the crew found it difficult to
see individual animals.

Postflight

Within two hours after the Shuttle landed at Edwards Air Force
Base, the rats were removed from the AEM and weighed. After a health
evaluation, the animals were euthanized and tissue samples were pre-
pared and stored for analysis.

1wo ground control studies were conducted postflight: an asynchro-
nous control study and a tail-suspension control study. The purpose of
the asynchronous ground control experiment was to subject a group of
rats to the same conditions experienced by the flight rats. except for
launch, microgravity, and landing. The test subjects were eight female
rats similar in age and weight tc those flown on the Shuttic. They were
loaded into an AEM identical to the flight unit. The AEM was placed is
a room in the investigator’s laboratory with a controlled light/dark cycle
for a period of time equal to the duration of the mission. The tempera-
ture in the room was matched as closely as possible with the tempera-
tures recorded by the ATR-4 during the flight. At the end of the test. the
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VARIABLES

Number of Rats 8 5 3 8 8
Launch/
actual none none none none
Recovery Stress
B S ; simulated
Gravitational Force micro-G 16 16 BicHLC 16
Food Available adlib ad lib ad lib ad lib ad lib
- group group group : group
Howisan (8 per cag>) (5 per cage) (3 per cage) N 6 percass)
ot spacecraft standard lab standard lab standard lau SSi:‘f’éitr%?I
conditions conditions conditions conditions c%n‘autions
Taole 4. Flight and Control Groups for PARE.O1 Rodents.
animals were euthanized and tissue samples were nrepared, as in the Results

case of the flight subjects.

The tail-suspension control study vsed eight rats. Its purpose was to
detcrmine whether microgravity and tail suspension have similar effect:
on muscle. The rats were housed in vivarium cages for the duration of
the five-day test. The tail of each rat was attached with a casting materi-
al to a guy wire assembly that ran across the top of the cage, lifting the
rat’s hindquarters off the cage floor. The rats were allowed to move
freely around the cage using their forelimbs.

Although rats in all groups consumed food at a similar rate, flight
animals gained more weight than did control animals. In both flight ani-
mals and tail-suspende: controls, weight-bearing muscles showed atro-
phy and reduced growth, whereas non-weight-bearing muscles grew
normally. Compared to non-tail-suspended ground control rats, flight
and tail-suspended rats showed an increazod sensitivity to insulin.
Overall. the results indicate tha the tail-suspension model reliably mim-

ics the effect; of microgravity on weight-bearing muscles.
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e odor from the AEM was found to be the: result of an improperl

assembled filter. The problem was rectified in a postflight stidy.
Additional Reading

NASA. STS-48 Press Kit, .‘i('ptf»-mh(,‘r 1991, Contained in NASA Space
Shuitle Laimches Web site, hittp/Aavww.kse nasa.gov/shuttle/mis-
sions/missions.html,

lischler, MK E.J. Henriksen, KA. Munoz, C.S. Stump, C.R.
Woodman, and C.R. Kirby, Spaceflight on STS-48 iand Farth-Based
Unweighting Produce Similar Effects on Skeleal Muscle of Young
Rats. Journal of Applied Physiology. vol. T4, 1993, np. 2161-2165.
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PAYLOAD PROFIL":: PARE.02/STS-54

Mission Duration: 6 days Date: January 13-19, 1993

Life Science Research Objectives

* To study effect of microgravity on the size, strength, and stamina of rat
skeletal muscle

Life Science Investirations

* Bone Physiology (PARE2-1)

* Endocrinology (PARE2-2)

* Immunology (PARE2-3)

* Muscle Physiology (PARE2-4, 5)
* Neurophysiology (PARE2-6)

Organisms Studied
* Rattus norvegicus (rat)

Flight Hardware

+ Ambient Temperature Recorder (ATR-4)
» animal Enclosure Module (AEM)

» [.EM Water Refill Box
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Physiological and Anaiomical Rodent
Experiment 2/STS-54

Mission Overview

The six-day 5TS-54 mission was launched on the Space Shuttle
Endeavour on fanuary 13, 1993, It ended on January 19 with the landing
of the Shuttle and its five-member crew.

The primary mission objective was to deploy the filth of NASA'
Tracking and Data Relay Satellites, which form a space-based network
providing communications, tracking, telemetry, data acquisition, and
command services for NASA spaceeraft,

A number of secondary objectives were also accomplished during
the mission. One of these was the flight of the third CHROMEX pav-
load (CHROMEX-03), sponsored by Kennedy Space Center. The sec-
ond in the series of Physiological and Anatcmical Rodent Experiment
payloads (PARE.02). sponsored by Amies Research Center, was also
flovm on the mission.

Life Sciences Research Objectives

The objective of the PARE.02 pavioad was to determine the extent
to which short-term exposurc to microgravity alters the size, strength,
and stamina of skeletal muscles normaily used to help sapport the bo Iy
against the force of gravity. Previous experiments have shown that mus-
cle mass is lost during space flight. i space. muscles that usually hold
the body up against the force of gravity experience disuse. Withont the
loacing force supplied by gravity, which forces muscle to pesform
mechanica work, these muscles rapidly atrophy. This loss of muscle
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mass can hinder the capability of astronauts to function normally upon
return to Earth. Similar muscle atrophv is seen on Earth during normal
caing. as ind ¢ luals become less active. Data gatherved from the

PARE.O2 exp
formance and the atrophy process, with a view to find ways of preventing

ent were expected to help scientists study muscle per-
atrophy during space flight and aging.
Life Sciences Payload

Organisms

Male albino rats (Rattus norvegicus) belonging to the Sprague-
Dawlev strain acted as subjects for the flight experiment. Six rats were
used in the flight group, while an additional six were used in cach of two
groomd control groups. Each rat weighed approximately 250 ¢ at the
time of launch.

Hardware

The flight rats were housed in an Animal Enclosure Module (AEM),
An Ambient Temperature Recorder (ATR-4) accompanied the AEM.
For general descriptions of the AEM and ATR-4, sce PARE.O].

Operations

Preflight

Prior to flight, the animals were conditioned to a temperature envi-
ronment similar to that expected within the Shuttle middeck during the
mission. The arimals in the flight group were loaded into AEMs and

placed in the Shuttle middeck 16 honrs before launch.

Inflight

There were two groups of ground control rats: a 24-hour delayed
synchronous ground control, consisting of six rats housed in an AEM;
and a vivarium control, consisting of six rats housed in standard laborato-
rv conditions (Table 5).

During the flight, the rats had unlimited access to food and water.
Lighting inside the AEM was programmed to an alternating cycle of 12
hours light, 12 hours dark. Each day. the crew observed the animals and
recorded their health status. They also verified that the animals” life sup-
port equipment was functioning adequately.

VARIABLES Flight
Number of Rats 6 6 6
Launch/ actual none none
Recovery Stress
G-Force micro-G 1G 16
Food Available ad lib ad lib ad lib
. group group group

Housing (6 per cage) (6 per cage) (3 per cage)

2 spacecraft simulated standard lab
Environment c%nditions spacecraft conditions

conditions

Table 5. Flight and Control Groups for PARE.02 Rodents.
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Postflight

Shortly after landing, the animals were removed from the Shuttle.
Muscle function was measured in the flight rats on the first postflight
day and in the control rats one day later. After functional testing, the

rats were euthanized, and muscles were removed for biochemical and
histological anaiyses.

Results

A reduction in maximal isometric tension and an increase in maxi-
mum shortening velocity was observed in the soleus muscle of flight rats.
It was speculated that to compensate for decreased isometric tension,
maximum shortening velocity increases so the muscle can be stimulated
at higher frequencies. From analysis of gene expression. it appeared that
muscle atrophy in microgravivy is isoform specific. Altered gene expres-
sion in osteoblasts, altered enzymatic activity in the diaphragm, and
changes in some immumnological wid nenrological chemical systems due
to space [light were also observe.

Additional Reading

NASA. STS-54 Press Kit, January 1993. Contained in NASA Space
Shuttle Launches Web site. http:/Avww.kscnasa.gov/shuttieAnis-
sions/missions.hitml.
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PAYLOAD PROFILE: PARE.O3/STS-56

Mission Duration: 9 days Date: April 8-17,1993

Life Science Research Objectives

* To study ihe effects of microgravity on bone and to compare these to the
effects of microgravity conditions simulated on Earth

Life Science Investigations
* Muscle Physiology (PARE3-1, 2)

Organisms Studied
* Rattus norvegicus (rat)

Flight Hardware

e Ambient Temperature Recorder (ATR-4)
* Animal Enclosure Module (AEM)

* AEM Water Refill Box

Physiological and Anatomical Rodent
Experiment 3/STS-56

Mission Overview

The STS-56 mission was lawnched on the Space Shuttle Discovery
on April 8, 1993. After remaining in orbit for nine days, Discovery land-
ed on April 17, Five .ew members flew aboard the Shuttle.

The primary mission payload was ATLAS-2, a laboratory for collect-
ing data about the Earth’s atmosphere. Several secondary payloads were
also carried onbeard, one of which was a middeck payload sponsored by
Ames Research Center. Tt was the third in the series of Physiological and
Anatomical Rodent Experiment payloads (PARE.03).

Life Sciences Research Objectives

The two experiments in the PARE.03 payload were designed to
study changes that occur in rapidly growing bone after exposure to
microgravity. Comparison was then to be made with changes resulting
from exposure to a simulated microgravity condition on Earth to deter-
mire if experiments studying space flight-induced musculoskeletal
changes can be conducted on Earth. As in PARE.O1, microgravity was
simulated by tail suspension, in which rats are maintained in cages in
such a way that their hindlimbs no longer bear the weight of their bod-
ies. An anderstanding of the changes in bone structure and function may
be useful in preventing borie loss in astronauts in long-duration space
missions. Previous studies have indicated that boue cells mature and
mineralize slower in microgravity than on Earth. In PARE.03, studies
examined the responses of younger animals with more rapidly growing
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bones. Scientists also attempted to determine whether the bone changes
are reversed shortly after return to Earth.

Life Sciences Payload

Organisms

Male albino rats {Rattus norvegicus) of the Sprague-Dawley strain
served as subjects for the experiments. The flight group consisted of 16
rats, while ground control groups consisted of 48 rats. Each was approxi-
mately six weeks old and weighed about 150 g at launch.

Hardware

The flight rats were housed in Animal Enclosure Modules (A1 Ms).
An Ambient Temperature Recorder (ATR-4) accompanied cach AFM.
For general descriptions of the AEM and ATR-4, see PARE.O1.

Operations

Preflight

All rats received an injection of calcein green, a chemical bone
marker, one week prior to flight, and an mjection of demeclocyclin, a
second bone marker, immediately before launch. Flight rats were loaded
into AEMs and placed i the Shuttle about 20 hours before Jaunch.

Inflight

Three ground control groups each contained 16 rats (Table 6). One
group, the 24-hour delayed control, was kept in two AEMs installed in
the Orbiter Environmental Simulator (OES). The OES is a modified

environmental chamber at Kennedy Space Center whose temperature,
humidity, and CO, level are electronically controlled based on down-
linked environmental data from the orbiter. Thus the animals/plants
within the chamber are exposed to environmental conditions that are
similar to those experienced by the flight group during the mission.
Another group served as tail-suspension controls. These animals were
maintained in cages with their hindlimbs raised off the ground to simu-
late exposure to microgravity. A third group of control rats served us a
vivarium control and were housed in standard vivarium cages.

During the flight, the rats had free access to food and water. The
light cycle was maintained at 12 hours of light alternating with 12 hours
of darkness. The crew observed the rats daily to ensure that they were in
good health and verified that the hardware was tunctioning normally.

Postflight

One hour before the Shuttle landed. six rats from each of the three
ground control groups were given injections 2f a chemical for measuring
the rate of DNA synthesis. They were euthanized 30 minutes later and
their tissues were stored for analysis. The remaining rats in each control
group were given injections of calcein greer..

The flight rats were recovered from the Shuttle about three hours
after landing, After their health was assessed by a veterinarian. six ol the
rats were injected with the chemical for measuring DNA synthesis and
euthanized 30 minutes later. The remaining 10 flight rats received injec-
tions of calcein green.

Five rats from cach of the flight and three control groups were
injected with the DNA label 36 hours after the Shuttle landed ana
euthanized 30 minutes later. The five rats remaining in each group were
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VARIABLES

Number of Rats

Launch/
Recovery Stress

Gravitational Force

Food Available

Housing

Environment

16 16 16 16 6
actual none none none none
, simulated
micro-G 1G Mitro-C 16 16
ad lib ad lib ad lib ad lib adlib
group group sinalg group group
(8 per cage) (8 per cage) sing (8 per cage) (6 per cage)
spacecra‘t sSi?gé%tr%?t standard lab standard lab standard 'ab
conditions c%nditions conditions conditions conditions

Table 6. Flight and Control Groups for PARE.03 Rodents.

injected with the DNA label 72 hours after Shuttle landing and eutha-
nized 30 minutes later. Tissues removed from the euthanized animals

were subsequently processed by the investigators.

Results

In both space flight and hindlimb-suspension groups, a decrease in

the differentiation of bone-forming cells and a reduction in mRNA relat-

ed to bone growth was observed. These levels rapidly returned to control

levels upon retumn to Earth.

Additional Reading

NASA. STS-56 Press Kit, March 1993. Contained in NASA Space
Shuttle Launches Web site. http:/Aawwwkse.nasa.gov/shuttle/mis-

sions/missions. html.
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International Microgravity Laboratory
(IML) Payloads

The International Microgravity Laboratory (IML) program was
sponsored by NASAs Office of Space Science and Applications and
directed by the Flight Systems Division at NASA Headquarters. The
prograin was a collaborative effort involving NASA and several interna-
tional partners. International cooperation in planning and iniplement-
ing the program allowed each partner’s costs to be kept to a mininmuom,
Teamns of investigators were formed with the goal of sharinz resources
equaily between NASA and its international partners. NASA provided
mission management, pavload integration, Spacelab facilities, and
Shuttle transportation services for the program. Space agencies ol other
participating countries provided hardware for the Spacelab. The hard-
ware units were available for nse by American scientists as well as scien-
tists from the countries that developed them. For life sciences research
on IML missions, the European Space Agency provided a life cupport
svstem called the Biorack. The German space agency contributed a
aravitational biology facility called the Nizemi. The Japanese space
agency provided the Aquatic Animal Experiment Unit for conducting
research in aquatic animal embryology, cell biology, bioprocessing, and
radiation biology. All participants of the program shared the results of
the scientific investications.

The objectives of the IML program were to conduct a variety of
experiments in the life and micr()gr;l\‘ily sciences. f\ﬁcr(')gm\it_\' sciences
encompass a broad range of studies including understanding funda-

mental phyvsics involved in materials behavior to using those effects to

Programs, Missions, and Payloads
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generate materials that cannot be made in Earth’s gravitational environ-

ment. Experiments in the two areas of research complement each other

well on space missions because they tend to pose different demands on
limited mission resources. Experiments in the microgravity sciences
often require a great deal of spacecraft power but usually require mini-
mal crew time. On the other hand, experiments in the life sciences
make few dernands on the spacecraft power but are often conducted by
or on crew members. Research in both areas was expected to con-
tribute to the development of the International Space Station and
future international space programs.

Payload specialists participated in the IMI. missions, as they did in
the Spacelab Life Sciences missions. Their presence benefited the
experiments within the program in several ways. As experienced
researchers, they could perform experiment procedures and minimize
the risk of error. In the event of hardware malfunctions, they could
repair or modify equipment. They could take advantage of unanticipated
opportunities for additional data collection whenever possible.

The Spacelab module was flown in its long configuration on the
IML missions. The long module contains four double racks and four
single racks for scientific investigations. Each double rack in the mod-
ule accommodates 1280 pounds of equipment, while each single rack
accommodates 640 p(mnds. For IML users, one double rack was per-
manently outfitted with video equipment, a fluid pump, and other sup-
port hardware. The permanent equipment allowed researchers to
reduce experiment costs.

The IML program was designed to place payloads on space flight
missions at approximately 24-month intervals, so that scientists could
build on their expanding knowledge from mission to mission. Two

missions with IMIL. payloads were flown during the 1891-1995 period:
STS-42, in 1992: and STS-65, in 1994.
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PAYLOAD PROFILE: IML-1/STS-42

Mission Duration: 8 days Date: January 22-30, 1992
Life Science Research Objectives

* To study cat plant sensitivity to altered gravitational fie!ds

« To study wheat plant response to light in a microgravity environment

e To study bone formation in microgravity at the cellular level

» To study the exposure of nematodes and yeast cells to cosmic radiation

Life Science Investigations

« Bone Physiology (IML1-1)

* Celi and Molecuiar Biology (IMLi-2)
* Plant Biology (IML1-3, 4)

* Radiation Biology (IML1-5)

Organisms Stedied

* Avena sativa L. (oat) seedlings

» Triticum aestivum cv. Broom (wheat) seedlings
 Caenorhabditis elegans (nematode) larvae

» Saccharomyces cerevisiae (yeast)

* ilus musculus (mouse) cells

Flight Hardware
» Ambient Temperature Recorder (ATR-4)
« Biorack US1 Experiment Hardware

* Biorack US2 Fperiment Hardware

* Biorack US3 Experiment Hardware

* Biorack US3 Syringe Racks

* Gravitational Plant Physiology Facility (GPPF)

* GPPF: Middeck Ambient Stowage Insert (MASI)
* GPPF: Plant Carry-On Container (PCOC)

International Microgravity Laboratory 1/
STS-42

Mission Overview

The STS-42 mission carried the first International Microgravity
Laboratory payload (IML-1) on the Space Shuttle Discovery on January
22, 1992. Tne shuttle remained in orbit for  tht days, landing at Edwards
Air Force Rase, California, on January 30. ., [S-42 carried a crew of seven
members, including payload specialists fr i Canada and Germany.

Several microgravity and life sciences experiments were carried out
on the mission. Scientists from NASA. the European Space Agency,
Canada, France, and Japan were involved in the research conducted
onboard. Five of the experiments within the IML-1 payload were spon-
sored by Ames Research Center. Two of these, assigned the acronyms
GTHRES and FOTRAN, were conducted using plants as experimental
subjects. The other three, named RADIAT, YEAST, and CELLS, stud-
ied nematode worms, yeast, and mouse cells, respectively.
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Life Sciences Research Objectives

The Ames Research Center life sciences experiments were designed
to study the growth patterns of plants and to assess the effects of radia-
tion and microgravity on living organisimis and cell cultures. Although all
plants on Earth are known to have similar growth patterns, their gravity-
sensing and light-response mechanisms are not adequately understood.
The Gravitational Threshold (GCTHRES) experiment studie! plant sensi-
tivity to altered gravitational fields both in microgravity and in clinostat-
induced weightlessness on Earth.

The Phototropic Transients (FOTRAN) experiment investigated
plant responses to light in a micro-
gravity environment. The objectives
of the RADIAT and YEAST experi-
ments were to determine the genet-
ic and developmental effects of
high-energy ionized-particle radia-
don on living systems. These experi-
ments were important because,
although the high-energy particle
radiation of space has been physical-
ly characterized. few attempts have
been made to correlaie it with bio-
logical responses.

The CELLS experiment was
designed to allow scientists to study
the way that embryonic cells cul-

tured in microgravity produce carti-

lage. Experiments on previous space Oat!Avena sativa L)

flights have shown that cartilage
formation is impaired in space-
flown rodents.

Life Sciences Payload

Organisms

Oat seeds (Avena sativa L.)
were used in the GTHRES expe i-
ment because oat has been nused in
more studies of gravitropisim than
any other plant and because oat
seedlings develop rapidly. A tot:d of

396 seeds were flown. thouvgh not

Mouse {Mus musculus)

all germinated in flight.

The FOTRAN expernment was
conducted on 144 wheat seeds (Triticuin aestivum cv. Broom). Some
seeds were planted preflight and some inflight. so that three-dav-old
seedlings would be available for study throughout the {light.

More than seven million microscopic free-living soil nematodes
(Caenorhabditis elegans) from several genetically defined strains acted as
subjects in the RADIAT experiment. Nematodes have a generation
time, a period from birth to reproduction. of about three days. Fach
individual worm produces 280 offspring through sell-fertilization. They
are ideal for genetic studies because the uncestry ol every celi in thei.
bodies is known from the tine of fertilization. The majority of the nema-
todes flovn: on the Shuttle were maintained at a dormant larval stage
knowm as dauer larva. Dauer larvae do not feed and require minimal lev-
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els of oxvgen and care.
Other nematodes were
launched as young lar-

vae and were allowed
to develop for up to

Nematode (Caenorhabditis elegans)

two generations during
the flight.

The YEAST experiment used common brewer’s yeast
Saccharonuyees cerevisiae), allowing researchers to study both mitotic
and meiotic cell divisions. Both nornal and radiation-sensitive varieties
were flown, totaling about three billion cells. The small size ol the veast
chromosonies permitted investigators to neke sensitive measurements,
which could be extrapolated to higher organisms, including humans.

Approximately 32 million cultured cartilage cells from embryonic
mouse (Mus musculns) limbs were the experimental material used in

the CELLS study.

Hardware

Plants were transported into the Shuttle in the Plant Carry-On
Container (PCOC). The container acconnmodates 36 of the plant hold-
ing compartments called Plant Cubes as w 11 as soil trays for inflight
plantings. A Middeck Ambier.t Stowage Insert (MASH, which holds
additiona! trays for inflight plantings, was also flown.

Once inside the spacecraft, the two plant experiments were housed

in the Gravitational Plant Physiology Facility (GPPF). a facility uscd to
investigate how plants respond to gravity (gravitropism) and light (pho-
totropisin). Seeds are placed in plant growth contamers called Plant

Cnbes. Each cube contains one tray with small wells i which seedlings

are planted. For the GTHRES experiment. each tray contained nine
well,  hereas for the FOTRAN experiment, each tray contained six
wells, Each cube has a window, which is penetrabie by infrarec! radia-
tion. but not visible light. A second optional window allows blue light to
enter the cubes when placed in the Recording and Stimaulus Chamber
(REST). The cubes used in the FOTRAN experiment had a plush lin-
ing material where the cube interfaces with the REST and attachments
to facilitate side loading to the Test Rotor. The cubes also have a septum
for gas sampling.

The Culture Rotor consists of two centrifuges that provide a force
of 1 G to specimens placed inside. Plant Cubes are placed on these
rotors prior to transfer to the Mesocotyl Suppression Bex (MSB). the
Test Rotors. or the REST. The Test Rotors are centrifuges that rotate at
various speeds Lo provide controlled centripetal forces ranging from 0 to
1 G. A camera located outside the Test Rotors allows video recording of
plant bending. Each Culture Rotor and Test Rotor centrifuge can
accommodate 16 Plant Cubes. The REST allows inifrared recording of
seedlings within four Plant Cubes before and after exposure to hlue
light. The MSB, which can be used only with oat seedlings, exposes
seedlings to red light for up to 10 minutes, thereby forcing them to
grow straight by suppressing the plant mesocotyls. The mesocotyl is a
stem-like part of the seedling that forms if a seed is buried deep in the
ground, which as it grows, carries the shoot meristem up through the
soil. The mesocotyl continues to grow until the plant is exposed to light.
The MSB allows just enough light to suppress the mesocotyls but not
enough to interfere with gravity responses The suppression of the
mesocotyl allows investigators to study only the effect on the growih of
the coleoptile, the hollew sheath enclosing and protecting grass leaves

Programs, Missions, and Payloads
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during germination Two video recorders record images from the REST
and Test Rotor cameras.

The hardware for thc RADIAT. YEAST. and CELLS experiments
was contained in the European Space Agency’s Biorack lacility (Fig. 5).
The Biorack is a rensable, modular, mnltinser laboratory facility for per-
torming biological experiments on suljects such as plants, tissues, cells,
bacteria, and insects. The Biora-'- - _..as a cooler/lreezer and two
incubators that can operate at different temperature levels. On IML-1
Biorack flew an additional incubator. The facility also features a glovebox
that allows manipulation of experiment specimens or handling of toxic
materials, such as chemical fixatives, without contaminating the cabin
environment of the Shuttle. Experiments designed to fly in Biorack are
contained in sealed. wnodized aluminem containers. Type 1 contamers
hold « volume of approximately 65 ml. while Type 1T containers hold a
vohune of apnroximately 355 ml.

The RADIAT hardw:re included two different assemblies. Inside
Tipe I containers were capped Lexan tubes filled with nematodes and
media. The containers also held sheets of a radiation-sensitive: thermaplas-
tic that registered ionized-particle impacts. A radiation cartridee beit made
of Nomex fubric consisting of pockets limed with foar contaimed five Type
I containers with specimens and one Ambient Temperature Recorder
(ATRA). a seli~contained, batten-powered package that can record up to
lour channels of data. The belt, with Velero tabs to seonre the experiment
packages was attahied to the Spacelab tunnel te absorb radiation.

Inside Type 11 contaimers were layered stacks of nematodes in media
packaged iogether with sheets ol radiation-sensitive thermopls = and
thermoluminescent detectors. The YEAST hardwere was housd in

Tine | containers. Each container held four doubie well cell culiirve
- 4

8&

chambers containing solid agar medinm and yeast: The containers also

carned syringes filled with appropriate fixative.

Incuhator

Glove Box

Incubator—

7T { I /
Experiment — l"\| | /
Panel i ! ! ;
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U N /
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The Growth of KSC'’s Life Sciences Program

d
4]
d

©

Interview with Howard Levine

Howard Levine joined NASA's Life Sciences sup-
port contract in 1993 and is now a senior scientist at
Kennedy Space Center (KSC). He has been involved
with over 20 space flight experiments, beginning with
CHROMEX-01, the first science payload managed
entirely by KSC.

When asked to look back on the growth of KSC's
young space life sciences program, Levine said, “The
biggest change over the years has been in the
improvement in the hardware that's available to the
investigator. When we started with CHROMEX-01, we
had the Plant Growth Unit (PGU), which wasn't bad,
but gave you a very low level of light, below the mini-
mum that any investigator would want to use for any
kind of photosynthetic experiment.” Since then, hard-
ware has been developed that provides plants with up
to 10 times more light. Also, said Levine, “There's bet-
ter control of the ambient temperature and carbon
dioxide concentration. The PGU didn't have any cool-
ing capabilities. That was always a problem in the
early experiments.”

The Biological Research in Canisters (BRIC) hard-
ware has also evolved. Said Levine, “Our Flight
Hardware Development group took these very basic
cylinders and enhanced their capabilities to provide
temperature and humidity monitering, light for phototro-
pism studies, and crew-activated inflight fixation. They
also developed a sealed version that can be flushed
preflight with an investigator-specified gas mixture,
providing another level of experimerital control.”

Programs, Missions, and Payloads

His job as a Project Science Coordinator provid-
ed Levine with an extra set of challenges, besides
working to expand hardware capabilities. “Part of the
challenge,” said Levine, “has been helping investiga-
tors maintain sterility during their space flight experi-
ments. Often you have an investigator from a state
that has relatively low humidity and not much of a fun-
gal problem. They'll have methods that work in their
home lab, but then they ceme to Florida in the middle
of summer when we have 100 percent humidity, and
they have to take stricter precautions.”

Not only do the investigators have to deal with a
different set of environmental conditions, but they
have to adapt to working with the small, closed sys-
tems typical of space flight hardware. Including him-
self in an observation, he said, “All Ph.D.s are some-
what greedy in terms of the amount of data we want
from our experiments. So we tend to see how many
organisms we can fit into our system on Earth and
cram it as full as possible. In space, you cannot rely
upon convection as an oxygen replenishing mecha-
nism, forcing you to often rely strictly upon diffusion,
which is a much slower process. So if you have a
chamber that can support 40 organisms on Earth, you
may not be able to support that many in space due te
reduced gas exchange. It's often a challenge to get
the investigators to back off an the number of experi-
mental organisms per chamber.”

Another related challenge is determining optimal
environmental parameters for any given experiment.

“With a lot of experiments you'll have a set of environ-
mental conditions that you determine on Earth at 1 G
to be optimal. Then you fly your experiment and do a
ground control with that experimental regime and
compare the two. However, what was experimentally
determined to be optimal on Earth is not necessarily
optimal under microgravity conditions due to differ-
ences in the way liquids and gases behave in space.
So a hias has been introduced into the experiment.
You're not really looking at a direct microgravity dif-
ference; you're looking at a difference in the optimal
environmental parameters required to support the
growth of the experimental organisms, i.e., an indirect
microgravity effect.”

Currently, Levine is the principal investigater for
the second Microgravity Plant Nutrient Experiment.
His research group is attempting to define the optimal
moisture leveis for plant roots in space and different
ways of providing water and nutrients to plants. This
knowledge will be put to use on the International
Space Station. Knowing what environmental factors
are optimal for microgravity will allow other investi-
gators to maximize the efficiency of their experiments
in the future.

©
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For the CELLS experiment, Type 1 containers housed a single tray
holding four polycarbonate chambers, each divided into two liquid-tight
compartments by a gas-permeable membrane. The chambers allowed
injection of media and fixative. Additional Type I contairers carried
empty syringes for medium removal and syringes filled with fixative or
replacement medium. Syringe racks were used to store syringes. The
racks, made of Lexan polycarbonate, are designed in three configurations:
a Cooler Rack, a Stowage Rack, and a Freezer Rack, each stored in a dif-
ferent location and intended to hold syringes filled with different media.

Operations

Preflight

Scedlings for the GTHRES and FOTRAN experiments were cul-
tured in plant cubes. To ensure that plants of appropriate heights and
ages would be available for the experiment, some seeds were planted
preflight. For the GTHRES flight experiment, 180 oat scedlings were
planited in 20 Plant Cubes. These oat seeds began germinating on the
ground. For the FOTRAN flight experiment, 96 wheat seeds were plant-
e1in 16 cupes. Cubes with planted seedlings and soil trays for inflight
plantings were both loaded into the Plant Zarry-On Container.

The RADIAT experiment required approximately 80 thousand
worms to be placed in lexan tubes in Type I containers. Inside the tubes,
dormant populations of dauer larvae were incubated in a suspension
medium. Growing populations were placed in tubes seeded with a thin
layer of agarose and E. Coli bacteria. Assembly of the RADIAT Type 11
containers began two days before launch. Worms were placed into a
layer of nitrocellulose filter at approximately 10,000 worms per square

centimeter. Each worm layer was assembled with particle detectors and

support layers, creating a sandwich. A total of 28 sandwiches were then
loaded into two Type II containers beginning approximately 20 hours
before launch. The Radiation Cartridge Belt was placed in the less-
shielded tunnel of the Shuttle, where the nematodes received the ~ame
radiation dosage as the crew.

Radiation-sensitive mutant yeast cultures for the YEEAST experiment
were placed in four containers, the normal yeast cultures were placed in
four containers, and all eight were stowed at 5 °C in the middeck of the
Shuttle before launch.

For the CELLS experiment, cell cultures were prepared and placed
in a total of 20 Type 1 containers. Ten containers were used tor flight
experiments, and the remaining were used in ground experiments.
Approximately 20 hours before launch. flight cell cultures were tumed
over to ESA and loaded into a 5 °C Passive Thermal Conditioning Unit
to maintain the cultures in a fixed temperature until launch.

Inflight

Ground control experiments to complement the GTHRES and
FOTRAN flight experiments included a synchronous ground control
conducted in a GPPF and a clinorotation experiment. which provided
the GTHRES and FOTRAN specimens with a simulated microgravity
environment. Inflight controls with no light stimuli were also performed
in the FOTRAN experiment.

At various times during the flight, the crew planted 216 oat and 48
wheat seeds in plant cubes. Plant cubes containing oat scedlings for the
GTHRES experiment were either placed on one of the Earth-gravity
simulating centrifuges or in the microgravity environment until they were
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ready to be used in the experiment. At prescheduled times during the

mission, Plant Cubes were transferred to the variable-gravity centrifuges
for exposure to different combinations of gravitational forces, G-values
ranged from 0.1 to 1 G and times ranged from 2 to 130 minutes.

Once the Shuttle achieved orbit and the Spacelab was activated,
some of the GTHRES plant cubes were transferred to the two culture
rotors, where they continued to develop under simulated Earth-gravity
conditions. At preset times, plant cubes were moved in groups of four to
the MSB, where they were exposed to 10-minute periods of red light.
The cubes were then returned to the culture rotors. When the plants
were 82 hours old, the plant cubes were moved to a test rotor and
exposed to predetermined acceleration forces and durations. Plant
growth was recorded nsing infrared photography while in the test rotor:
Other parameters recorded were ethvlene gas concentrations, tempera-
ture, and centrifuge speed.

Plant cubes for the FOTRAN experiment were placed in culture
rotors at the time ol Spacelab activation. When the seedlings were 75
hours old, they were transferred, in groups, to the REST, where they were
exposed to a pulse of blue light to evoke a phototropic response. Growt!:
responses were recorded by infrared time-lapse photography. Gas concer. -
trations were sampled as they were in the GTHRES experiment.

Some of the plant groups used in GTHRES and FOTRAN were pre-
served in a fixative during flight, while others were returned live to Earth.

A ground control experiment, which used identical specimens and
hardware, complemented the RADIAT, YEAST, and CELLS flight
experiments housed in the Biorack. The two-hour delay between the
flight experiment and the ground control experiment allowed all flight
experiment procedures and environmentai conditions, such as humidity

levels, temperature, and gas concentrations, to be duplicated exactly in
the ground control experiment. The flight control experiment, conduct-
ed in a 1-G centrifuge, allowed investigators te distinguish between the
c ffects on specimens caused by microgravity and those caused by the
other environmental conditions of space flight.

The RADIAT experiment required the crew to place containers in
various predetermined temperature environments within the Shuttle.

For the YEAST experiment, the crew transferred the eight containers
of the normal and mutant yeast cells from the middeck to incubators at the
time of Spacelab activation. Two containers of each cell type were placed
in a 36 °C incubator and two of each type were placed in a 22 °C incuba-
tor. Within each incubator, one container of each yeast type was placed on
a centrifuge that provided a gravitational force of 1 G to the specimens,
while one container of each yeast type was kept in microgravity.

Over four periods. fixative was added to half of the cell cultures from
each of the four culture conditions: 22 °C/1 G; 22 °C/0 G; 36 °C/1 G;
and 36 °C/0 G. The preserved cultures were then placed in a 4 °C cool-
er. The remaining live cultures were maintained undisturbed for the
duration ol the mission.

For the CELLS experiment, cell cultures weve kept in a 37 °C incu-
bator. Five containers {lew on a 1-G centrifuge, while the other five con-
tainers were kept in microgravity. Crew members used the glovebox to
remove growth media from a 0-G and a 1-G chamber. They froze the
removed media for later biochemical analysis. They then filled the cham-
bers with new culture medium, added fixative to the chambers to preserve
the cells, and transferred the chambers to the 4 °C cooler. These proce-
dures were conducted shortly after Biorack activation, which occurred
about five hous after launch, and every 24 hours thereafter.

Programs, Missions, and Payloads
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Postflight

After the Shuttle landed, and the experiment packages were recov-
ered, gas samples, plant samples, and photographic data from the
FOTRAN and GTHRES experiments were analyzed. Plastic detectors
used for the RADIAT experiment were chemically processed to record
where particles had penetrated the worms. Genetic mutations and
developmental abnormalities were also assessed in the worms. For the

CELLS experiment, the amount and quality or cartilage development
were assessed and the characteristics of the cartilage tissue were noted.

Results

Acceleration measurements taken from the Shuttle showed that sig-
nificant disturbances occurred periodically during the mission. The exper-
iments themselves appeared to have been a significant source of distur-
bance. The refrigerator/freezer used onboard appeared to have con-
tributed considerably to the vibration that occurred during the mission.

Oat Study

The GTHRES experiment found that a simulated gravitational
force was not a requirement for autotropism, the return of a bent plant
to its upright position, to occur in space. However, autotropism did not
occur in oat coleoptiles during the simulated microgravity conditions of
clinoration on Earth, or was observed at a feeble level. The threshold
stimulus for gravitational response in microgravity was found to be very
low—about 15 or 20 G-seconds. Circumnutation, the hending or turn-
ing of a growing stem tip that occurs as a vesult of unequal rates of
growth along the stem, of the oat coleoptiles was not observed either in
space microgravity or during clinoration. Oat seedlings on IML-1 exhib-

ited “precocious development syndrome” (PDS). in which shoots
emerged over helf a day earlier than control seedlings on Earth.
However, this syndrome occurred while the seedlings were growing on
the 1-G centrifuge, not while exposed to microgravity. The GTHRES
experiment also demonstrated that clinorotation does not always pro-
duce the same effects as microgravity.

Wheat Study

Autotropism and PDS were also observed in the wheat plants of the
FOTRAN experiment. The PDS appeared to be progressive: the
seedlings that spent a higher percentage of the period before emergence
in space developed faster. Germination was earliest in seedlings that
were planted during space flight, which therefore completed all of their
early development in space. There was a reduction in the proportion of
seedlings that exhibited circummutation at 0 G. but circumnutational
activity was still present in almost half of the flight seedlings. As in the
GTHRES experiment, the clinostat did not provide a reliable simulation
of true microgravity efiects.

Nematodes Study

The RADIAT experiment demonstrated that generation of mutations
was 10 times greater during space flight than on Earth, though no iregu-
larities of reproduction and development were evident in the worms.

Mouse Cells Study

Significant detachment of cell layers occurred in all groups.
Transmission electron microscopy showed that within flight cell cul-
tures, cells did undergo a shape change from flattened to ronnded that
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is associated with chondrogenesis, but the associated production ol
matrix did not occur.

Yeast Study

The YEAST experiment indicated that no marked enhancement or
reduction of cell vield ocenrred under microgravity conditions. The
temperature of incubation appeared to be the principal factor affecting
the total cell yvield of the cultures; cell densities of cultures incubated af
22 °C were greater by a factor of two or less than the densities of those
incubated at 36 °C.

Additional Reading

European Space Agency. BIORACK on Spacelab IML-1, European
Space Agency SP-1162. Noordwijk, The Netherlands: ESA
Publications Division, 1995.

Duke, P J. Altered Chondrocyte Differentiation in Response to Altered
G-level. Tn: 1992-1993 Space Biology Accomplishiments, edited by

Thora W. Halstead. NASA TM-4711, October 1994, pp. 222-224.

Miller, T.Y.. ed. First international Microgravity Laboratory Experiment
Descriptions. NASA TM-4353, February 1992
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PAYLOAD PROFILE: IML-2/STS-65

Mission Duration: 15 days Date: July 8-23, 1994
Life Science Research Objectives

» To study the early development of gravity-sensing organs in newts

» To study the development and gravity-related behavior of jeliyfish in space
» To study the critical stages of plant embryogenesis in microgravity

Life Science Investigations

» Developmental Biology (IML2-1)
*» Neurophysiology (IML2-2)

* Plant Biology (IML2-3)

Organisms Studied

* Cynopus pyrrhogaster (newt) adults and larvae
*» Aurelia aurita (jellyfish) polyps and ephyrae

» Hemerocallis cv. Autumn Blaze (daylily) cells

Flight Hardware

» Ambient Temperature Recorder (ATR-4)

* Aquatic Animal Experiment Unit (AAEU)

* Life Science Cell Culture Kit (CCK) (supplied by NASDA)
* Plant Fixation Chambher (PFC) (supplied by NASDA)

* Refrigerator/Incubator Module (R/IM)

International Microgravity Laboratory 2/
STS-65

Mission Overview

The second in the series of International Microgravity Laboratory
payloads (IM1.-2) was launched on the Space Shuttle Columbias STS-65
mission on July 8, 1994. After remaining in orbit around the Earth for 15
days, the Shuttle landed on July 23. The seven-member crew included a
]upunese astronaut, who was the first Japanese woman in space.

Besides NASA, the European Space Agency (ESA) and the space
agencies of Japan (NASDA), Canada (CSA), Germany (DLR), and
France (CNES) sponsored experiments on the mission. Investigators
from a total of 13 countries participated in research into the behavior of
materials and life in microgravity.

The IML-2 payload consisted of more than SO experiments in
microgravity and life sciences, including five life science experiments
developed by American researchers. Of these, Ames Research Center
sponsored two experiments using newts and jellyfish. Kennedy Space
Center (KSC) sponsored the PEMBSIS experiment, designed to study
plant embryogenesis in microgravity.

Life Sciences Research Objectives

The objective of the newt experiinent was to study the early devel-
opment of gravity-sensing organs (Fig. 6). The vtricle and saccule are
specialized organs present in the inner ears of all vertebrate animals.
They contain otoliths (or otoconia), calcium carbonate stones, which are
deposited on a gelatinous membrane that lies over the sensory hair
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cells. The pull that gravity exerts on the otoliths is sensed by the hair
cells, and information about the gravitational stimulus is transmitted to
the brain via connecting nerve fibers. The experiment was designed to
determine whether otolith production and development of otolith-
associated receptor cells and nerve fibers may be altered in the micro-
gravity environment of space.

The jellyfish experiment was designed to study behavior and devel-
opment in space. Behavioral parameters studied included swimming,
pulsing, and orientation. Study of developmental processes focused on
gravity-sensing organs. The experiment also sought to determine the
level of artificial gravity stimulus needed to counteract any negative
effects of space flight.

The objective of the plant embryogenesis (PEMBSIS) experiment
was to evaluate whether space flight affected the pattern and develop-
mental progression of embryonic daylilies from one well-defined stage to
another. It also exainined whether cell division (mitosis) and chromo-
some behavior were modified by the space environment.

Japanese Red-Bellied Newt {Cynopus pyrrhogaster)

Life Sciences Payload

Organisms

Adults and larvae of the
Japanese red-bellied newt species
(Cynopus pyrrhogaster) were
used in the newt experiment. This
species was selected for study

partly because the vestibular sys-
tem of very voung newts under-

Jellyfish (Aurelia aurita)

goes most of its development in a

period of ime equivalent to the planned mission duration. Furthermore,
adult females can be induced to lay eggs by injecting them with a hor-
mone. Their eggs develop in orbit and mature in the microgravity envi-
ronment to provide scientists with a sample of embryos that have under-
gone early development in microgravity.

Moon jellyfish (Aurelia aurita) served as experiment subjects for the
jellyfish experiment. Both the s=dentary polyp stage and the free-
swimming ephyra stage of the jellyfish were studied.

The PEMBSIS experiment studied embryogenically competent
daylily (Hemerocallis cv. Autumn Blaze) cells.

Hardware

Newt adults and larvae were housed in cassette-type water tanks in
the Aquarium Package within the Aquatic Animal Experiment Unit
(AAEU), developed by NASDA, the Japanese space agency. The AAEU
is a life support unit that can keep fish or other aquatic animals alive for
at least 19 days in the Spacelab. Tt consists of a Main Unit, an Aquarium
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Package, and a Fish Package, each of which has an independent life sup-
port system. In IML-2, each cassette held an ezg container with individ-
ual ege holes (6-mm diameter, approximately 12 mm deep).

A slow rotating centrifuge microscope and camera system, Nizem,
developed by DLR (formerly DARA), the German space agency, was
used to examine and videotape the behavior of the jellyfish ephyrae and
polyps at up to 15 varying levels of G and at a temperature of 28 °C (to
facilitate swimming activity). The Nizemi provides observation of sam-
ples under variable acceleration levels between 103 and 1.5 G and a
controllable temperature between 18 and 37 °C.

Jellyfish were housed in the European Space Agency’s Biorack facili-
ty within Biorack Tyvpe I containers. For descriptions of the facility and
containers, see IML-1.

A Refrigerator/Incubator Module (R/IM) held fixed jellyfish speci-
mens. The R/IM is a temperature-controlled holding unit flown in the
Shuttle middeck that maintains a cooled or heated environment. It is
divided into two holding cavities and can contain up to six shelves
accommodaﬁng experiment hardware. An Ambient Temperature
Recorder (ATR-4) was placed inside the R/IM. For a general descrip-
tion of the ATR-4, see IML-1.

The PEMBSIS experiment used hardware provided by the
National Space Development Agency (NASDA) of Japan. As part of the
NASDA Life Science Cell Culture Kit, this experiment used six petri-
dish-like Plant Fixation Chambers (PFCs). The PFCs were used to hold
the cultured plant cells for the PEMBSIS experiment. These containers
are completely sealed. The PFCs allow plant cells exposed to space
flight to be fixed in orbit by insertion of a chemical fixative via syringe
through a septum port.

Semicircuiar
Canals

Vestibular —
Apparatus

Cochlea

Figure 6. Together, the semicircular canals and the otolith organs make up the vestibular
apparatus of the inner ear, which provides information to the brain about balance and
motion in 3-D space. The gravity-dependent otolith organs, lined with hair cell receptors and
otoconia, detect linear acceleration of the head. When the head moves, the ctoconia lag
behind, bending the hair cell receptors and changing the directional signal to the brain.
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Operations

Preflight

PEMBSIS cell cultires were prepared about a week before launch.
Twelve chambers were filled with a semi-solid medium. Six were trans-
ported to KSC and kept in an unlit incubator at 22+2 °C until they were
loaded into the Shuttle. The other six were used as ground controls.

Approximately 36 hours before launch, 148 prefertilized newt eggs
were loaded into the three cassettes cf the AAEU. Four adult newts were
also loaded into the cassettes; two cassettes each contained one newt
apiece, while a third contained two. Fresh, aerated water at 24 °C circulat-
ed continuously through the unit. A similar unit was maintained at KSC as
a ground-control.

Twenty-four hours before launch, four groups of six jellyfish polyps
each were given iodine in artificial sea water (ASW) to induce strobiliza-
tion of polyps into the ephyrae form.

Shortly before flight, the jellyfish samples were loaded into a total of
10 Nizemi cuvettes containing ASW and placed in Type I containers. For
the behavior study, a group of normal ephyrae and a group of ephyrae
without statoliths were placed in the Biorack 22 “C incubator. The third
group of ephyrae was placed in the Biorack 1-G centrifuge. Tvo groups
of polyps were used for the development study. One group was placed in
the incubator and the other was placed in the 1-G centrifuge. A similar
set of equipment was maintained at the KSC ground-control facility.

Inflight
On flight days 6. 8, and 11, the crew carried out video observations
of newt eggs to document the rate of development. The crew also made

observations of the adult newts at specified times. On both the fifth and
ninth days of flight, an adult newt was found dead. causing the loss of
some eggs because of contamination. The remaining two adult newts
survived the flight and were recovered live upon landing.

One cuvette from each group of jellyfish ephyrae and polyps were
videotaped on the rotating microscope/centrifuge at intervals throughont
the mission to determine the G-threshold for the swimming behavior of
the ephyrae. On flight day five, both the flight and ground-control
groups of ephyrae with statoliths that had been hatched on Earth were
fixed. On flight day 13, two of the four groups of polyps that had been
strobilation-induced were fixed. The remaining ephyrae and polyps were
returned to Earth for postflight analysis.

To provide a comparison between flight-fixed and ground-fixed
groups in the PEMBSIS experiment, the crew fixed some cultures shortly
before landing. The fixative was a three-percent glutaraldehyde (balance
water) solution. Each chamber was fixed with a 20-ml injection of fixative.

Postflight

The flight cassettes containing the rewts were retrieved approxi-
mately six hours after landing, Some of the larvae were fixed and pre-
served for later analysis, while some were tested to estimate how space
flight affected the gain of the otolith-ocular reflex and measure the
otolith volumes and areas of associated sensory epithelia.

Living jellyfish were counted, coded, and photographed beginning
at five hours postflight. The pulse rate, numbers of arms, rhopalia, and
statoliths were counted in each of the ephyrae. Those with abnormal
pulsing were videotaped after landing and again approximately 24
hours later. Some of both the flight and control jellyfish were allowed
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to form clones, which were then examined for arm number and other
structural differences.
After the PEMBSIS cell culture chambers were recovered from the

Shuttle, specimens of living cells and somatic emiryos were pho-
tographed. counted, and chemically fixed within nine hours of landing,
before their first division cycle on Earth was complete. Chromosomes
were measured and compared within and among cultures.

Results

Newt Study

According to morphogical analysis, both flight and ground controls
developed at the same rates. Analysis of three-dimensional reconstruc-
tions showed that flight-reared larvae had a larger mean endolymphatic
sac (ES) and duct volume and a larger average volume of otoconia within
the sac when compared to similarly staged ground controls.
Furthermore, the appearance of otoconia in the ES was greatly acceler-
ated in the larvae reared in microgravity.

Jellyfish Study

Ephyrae that developed in microgravity had significantly more
abnormal arm numbers as compared with 1-G flight and ground controls.
As compared to controls, significantly fewer ephyrae that developed in
space swam when tested postflight. Polyps budding in space produced
more buds and were developmentally ahead of ground controls. Although
development through budding and through metamorphasis proceeded
well in space, some jellyfish are apparently more sensitive to microgravity
than others, as evidenced by their abnornmal arm development.

Daylily Cell Study

Cytological changes and chromosomal aberrations were seen in both
flight-fixed and ground-fixed flight cells. A substantial number of binu-
cleate cells, cells possessing two nuclei, were also found in the flight sam-
ples. The ground-control samples were all uninucleate.

Additioral Reading

NASA. STS-65 Press Kit, July 1994. Contained in NASA Space Shuttle
Launches WeD site. http:/Avww.ksc.nasa.gov/shuttle/missions/mis-
sions.html.

Snyder, R.S., comp. Second International Microgravity Laboratory
(IM1-2) Final Report. NASA RP-1405, July 1997.

Wiederhold, M.L., W.Y. Gao, J.L. Harrison, and R. Hejl. Development
of Gravity-Sensing Organs in Altered Gravity. Gravitational and
Space Biology Bulletin, vol. 10(2), June 1997, pp. 91-96.

Wiederhold, M.L., HA. Pedrozo, ].L. Harrison, R. Hejl. and W. Gao.
Development of Gravity-Sensing Organs in Altered Gravity Conditions:
Opposite Conclusions from an Amphibian and a Molluscan Preparation.
Journal of Gravitational Physiology, vol. 4(2), July 1997, pp. P51-P54.
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Pituitary Hormone Cell Function (PHCF)
Payload

The Pituitary Hormone Cell Function (PHCF) payload was designed
to provide an opportunity to research rat pituitary cell behavior in micro-
gravity. The experiment was sp msored by Ames Research Center.

The objective of the PHCF payvload was to examine the effect of
microgravity on growth hormone produced by cells in the pituitary
aland. This hormone is crucial in promoting growth and maintaining the
proper condition of a variety of dssue types throughont the body. A pre-
liminary cell-culture experiment performed on the STS-8 mission in
1953 showed that rat pituitary cells released less honnone during space
flight than on the ground. This observation was partially confirmed by

~

experiments perforimed on the Spacelab 3 mission in 1985 and the
Cosinos 1887 mission in 1987,

PHCF was a small l)il‘\'l()dLL requiring minimal crew attention, locat-
ed in the Shuttle middeck. It constituted a one-time payload, which flew
in 1992 oni the STS-46 mission.
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PAYLOAD PROFILE: PHCF/STS-46

Mi<sion Duration: 8 days Date: July 31-August 8, 1992

Life Science Research Objectives

* To determine the effects of microgravity on hormorie-producing rat pitu-
itary cells

Life Science Investigations
* Endocrinology (PHCF-1)

Organisms Studied
* Rattus norvegicus (rat) pituitary cells

Flight Hacrdwarz2

« Altered Kit Container (AKC)

» Ambient Temperature Recorder (ATR-4)
* Refrigerator/Incubator Module (R/IM)

Pituitary Hormone Cell Function/STS-46

Mission Overview

The eight-day STS-46 mission was launched on the Space Shuttle
Atlantis on Julv 31, 1992. After the mission was extended one day to com-
plete scientific objectives, the Shuttle landed on August S. The seven-
member crew included an astronaut from the Ewropean Space Agency
(ESA) and the first astronaut from the Italian space agency (ASI).

The primary mission objectives were to deploy the Tethered
Satellite System, jointly sponsored by NASA and ASI. and to deplov the
ESAs EURECA platform. One of its secondary objectives was to fly the
Pituitary Hormone Cell Function (PHCF) pa.load sponsored by Ames
Research Center.

Life Sciences Research Objectives

The PHCF experiment was designed to determine if microgravity
affects the capacity of cultured rat pituitary cells to produce biologically
or immunologically active growth hormone (Fig. 7). Different cells
within the anterior pituitary gland of the brain produce ditterent hor-
mones. Growth hormone is secreted from cells called somatotrophs and
affects numerous body tissues, including the liver, muscle, fat. and
hematopoietic tissue. It plays an impovtant role in muscle metabolisimn.
and alterations in its secretion may contribute to microgravity-associated
muscle atrophy. Research into growth hormone production and secre-
tion in microgravity may help scientists understand the mechanisms
behind muscle atrophy and operative mechanisins in degenerative mus-
cle diseases on Earth.
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Figure 7. The pituitary gland, influenced largely by hormones produced in the hypothalamus,
also produces hormones that affect other parts of the endocrine system. The posterior lobe
stores and releases hormones made by the hypathalamus. The anterior lobe produces its
own hormones, including growth hormane (GH), but is regulated by the neurosecretory
cells of the hypothalamus.

The objectives of the PHCF expe.iment were to determine the
effect of microgravity on the synthesis, storage. secretion, and molecular
form of growth hormone by rat pituitary cells and whether any alter-

ations in pituitary hormone secretion remain in vitro after return to
Earth. The experiment also sought to determine how microgravity
alfects somatotrophs in dorsal versus ventral areas of the pituitary gland.

Life Sciences Payload

Organisms

The experiment used cultured cells from male albino rats (Rattus
norvegicus) of the Sprague-Dawley strain. At the time of preflight eutha-
nization for collection of cells, rats were approximately six weeks old and
weighed between 200 and 300 g.

Hardware

Cell cultures were held in vials placed in an Altered Kit Container
(AKC), a commercial kit container, altered for use with the PHCF exper-
iment. Heat-transfer plates were added to the left side of the box to allow
efficient heat transfer to and from the Refrigerator/Incubator Module
(R/IM). The R/IM is a temperature-controlled holding unit flown in the
Shuzile middeck that m.aintains a cooled or heated environment.

The inside of the AKC consists of two halves. each with six slots.
Eleven of the slots each contain one vial rack containing 15 vials. The
remaining slot accommodates an Ambient Temperature Recorder
(ATR-4), a self-contained, battery-powered package that can record up
to four channels of temperature data.

To enable the crew to monitor the incubation temperature and veri-
fv R/IM functioning, an adhesive-backed liquid crvstal thermometer,
called a Temperature Strip, was applied to the AKC. The AKC was then
placed in the R/IM.

Programs, Missions, and Payloads
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Operations

Preflight

During the preflight period, rats were Fept in groups of four in vivar-
ium cages maintained at 18 to 26 °C. They had [ree access to food and
water. Their light cvele was set to 12 hours ol Light alternating with 12
hours of darkness, adjusted so that euthanasia would occur at aronnd
three hours after lights-on.

Twenty-siv hours before launch, pituitary glands were collected from
the brains of 100 euthanized rats. Five different types of cell cultures
were prepared from the pituitaries. Of the 100 pituitary glands, S5 were
hemogenized. The homogenized tissue was used i three experimentai
groups of cultures. The first was composed of a mixture of cells capable
of producing many different hormones. The remainder of the homoge-
nized tissue was separated into high-density celis, which formed the sec-
ond group, and low-density cells, which formed the third. The 15
remaining pituitary glands were separated into dorsal and ventral gland
sections Liefore being homogenized. The homogenized dorsal and ven-
tral sections formed the fourth and fifth types of cultures.

Once prepared, the pituitary cell cultures were placed in 495 glass
culture vials. The vials were incubated at 37 °C. Of these vials, 165 were
selected for the flight group. Vials were wrapped with clear tape, as a pre-
cautionary measure againsi breakage, and loaded into vial racks. Eleven
vial recks were used, each holding 15 vials. The 11 racks were loaded into
the R/IM and maintained at 20 °C until launch. The R/IM was mounted
in a middeck locker in the orbiter at about 20 hours prior to launch.

Of the remaining vials, two groups of 165 each were set aside and
maintained at 20 °C to serve as ground contro! groups: a basal control

and a two-hour delaved synchronous control. The delayed synehronous
was later placed in a 37 °C incubator.

Inflight

Irmediately after launch the basal ground control group was
processed and frozen foi transport to the investigator’s laboratory. The
delayed sync!.vonous group was mamtained in the incubator for the dura-
tion of the flight and processed in a manner similar to the flight vials.

On each flight day, at approximately the same time, the crew
removed the AKC from the RAM and manipulated it to allow mixing of
the culture wiedium in the vials.

Postflight

After the Shuttle landed, the B/IM was removed from the orbiter.
The calture vials were removed from the AKC and placed in an insulat-
ed case for trausport to the investigator’s laboratory, where they were
analyzed for growth hormone conter:t. Ground control cultures were
analyzed in a similar manner.

Results

The analyses showed that rat piauitary cells are sensitive to micro-
gravity and that the changes seen in these cells are similar to those
observed in vivo in it itary growth hormone cells of rats flown in space.
Changes observed in the cells related to the amount and biological activ-
ity of growth hormone released from the cells. the structure and intracel-
lular hormone content of the somatotrophs, and the responsiveness of
the cells to hydrocortisone and growth hormone in the culture medium.
The results of the mission also indicated that the responses of the flight
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cells could be modified experimentally by addition of hydrocortisone to
the culture medium. These results may prove to be useful in developing
measures for countering the effects of long-term space flight in humans.
In addition, there was evidence that pitnitary cell levels of prolactin, a
hormone involved in reproduction and immune system modulation,

were altered in microgravity.

Temperature recordings retrieved postllight from the Shuttle
revealed that the cell cultures onboard had been exposed to tempera-
tures ranging from 38.4 to 38.8 °C. Ground control cell eultures, on the
other hand, had been exposed to temperatures of 37.7 to 37.6 °C. This
discrepancy was resolved by conducting an eight-day ground control
experiment with two groups of cell cultures kept at 37 °C and 39 °C six
months after the flight. A statistical comparison of the two sets of data
from this ground experiment demonstrated that the changes seen in the
cells during the flight experiment could not be explained by the temper-
ature difterential.

Additional Reading

Hymer, W.C., R.E. Grindeland, and T. Salada. Experimental Modifica-
tion of Rat Pituitary Growth Hormone Cell Function during and after
Spaceflight. Journal of Applied Physiology, vol. 80(3), March 1996,
pp- 955-970.

Hymer. W.C., T. Salada, and L. Avery. Experimental Modification of Rat
Pituitary Prolactin Cell Function during and after Spaceflight. Journal
of Applied Physiology, vol. 80(3), March 1996, pp. 971-980.

NASA. STS-46 Press Kit, July 1992. Contained in NASA Space Shuttle
Launches Web site. http//www.kscnasa.gov/shuttle/missions/mis-
sions.html.
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Spacelab-J (SL-J) Payload

Spacelab-] (SL-]) was the first major cooperative program between
NASA and the Japanese space agency. NASDA. The concept of a collab-

orative Spacelab mission between the two counaaes was first proposed in

1979, even before the first Space Shuttle flight. An announcement of

opportunity was made to the Japanese scientific community in August
1979, Out of 103 original proposals received, 62 were selected for fur
ther evound-based studlies. In 1984, NASDA sclected the final 34 life
and materials sciences experiments that would flv on Spacelab-].
Selection of a Japanese payload specialist to provide assistance with the
NASDA experiments occurred in parallel with the experiment selection
process. Out of 533 applicants, three were chosen: Dr. Mamoru Moliri,
wlio became the first NASDA astronaut, and two alternate candidates.
The agreement between NASA and NASDA stipulated that
NASDA would select and develop the Japanese portion of the payload
to be flown in the Spacelab, while NASA would provide launch services
and mission management, the cost of which would be reimbursed by
NASDA. NASDA was responsible for having specialists on hand to pro-
vide science and engineering support to the Shuttle during the mission.
NASAS responsibilities included integrating the experiments and hard-
ware that composed the payload. installing the payload in the Spacelab,
and ensuring that all systems functioned properly. NASA was also
responsible for designing, managing, and oversecing the mission, train-
ing the crew, and supporting postflight activities. After NASDA had
selected its complement of experiments, there were still available racks
in the Spacelab for American experiments. Nine NASA experiments
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were selected from proposals received in response to solicitations and
Announcements of Opporhmity. American and Japanese scientists par-
ticipating in SL-] formed a working group, which met periodically
before the mission to plan and coordinate scientific activities. In 1991,
the two space agencies negotiated a [urther agreement to share data
and samples obtained during the experiments, so that science returmn
fro1a the mission could be maximized.

Spacelab-] constituted a one-time payload, which flew in 1992 on
the STS-47 mission.
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PAYLOAD PROFILE: SL-J/STS-47

Mission Duration: 8 days Date: September 12-20, 1992

Life Science Research Objectives

» To determine the effect of microgravity on frog fertilization and embryon-
ic development

* To study tadpole behavior in space

* To evaluate the effectiveness of autogenic feedback training in reducing
human space motion sickness

= To examine the effect of microgravity on critical stages in plant embryo-
genesis

Life Science Investigations

* Developmental Biology (SLJ-1)
» Neurophysiology (SLJ-2)

« Plant Biology (SLJ-3)

Organisms Studied

* Homo sapiens (human)

* Xenopus laevis (frog)

* Hemerocallis cv. Autumn Blaze (daylily) cells
¢ Daucus carota (carrot) cells

Flight Hardware

s Ambient Temperature Recorder (ATR-4)

s Autogenic Feedback System-2 (AFS-2)

* Cell Culture Chamber (supplied by NASDA)
* Dissecting Microscope

* Frog Environmental Unit (FEU) and Kits

* General Purpose Work Station (GPWS)

« Refrigerator/Incubator Module (R/IM)

Spacelab-J/STS-47

Mission Overview

The STS-47 mission was launched on the Space Shuttle Endeavour
on September 12, 1992, and landed eight days later, on September 20.
The seven-member crew included the first Japanese astronaut, the first
African American woman to fly in space, and the first married couple to
fly on the same space mission.

The mission’s primary objective was to fly the Spacelab-] (SL-]) pay-
load. Several secondary objectives were also accomplished. The SL-]
payload included 34 Japanese experiments and nine American experi-
ments in the areas of materials science and the life sciences. Two of the
16 SL-J life sciences experiments were sponsored by Ames Research
Center. The first, the Autogenic Feedback Training Experiment, was
conducted on the astronaut crew. The second was the Frog Embryology
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Experiment. Kcnnedy Spacc Center sponsorcd the Plant Culture
Research Experiment.

Life Sciences Research Objectives
The objective of the SL-] life sciences experiments was to conduct
research that would help prepare humans for long-term space ventures.
One of the difficulties crew members experience during space flight is
Space Adaptation Syndrome, the symptoms of wliich are similar to those
of motion sickness. Microgravity drastically alters the perceptions astro-
nauts have of themselves and objects in space, and about half of all astro-
nauts experience motion sickness shortly after the transition from 1 G.
This syndrome interferes with the tightly scheduled work routines on
space missions and can be life threatening if experienced while wearing 2
spacesuit. The Autogenic Feedback Training Experiment (AFTE) was
designed to evaluate the effectiveness ol autogenic feedback training in
reducing space motion sickness. The training combined two self-regula-
tion techniques, autogenic therapy and biofeedback, to enable crew
members to control their physiological responses. Autogenic feedback
training has many potential uses in alleviating disease symptoms on
darth, such as hypertension, low blood pressure, and nausea associated
with chemotherapy. It also has potential nonmedical uses. Aircraft pilots
can use autogenic feedback training to reduce the risk of accidents by
training themselves to control the abnormal physiological responses asso-
ciated with emergencies encountered during flying. The training could
be used to reduce jet lag, fatigue, insommia, and the high stress of certain
work environments. The first AFTE study, conducted on the Spacelab 3
paytoad on STS-51B in 1985, verified the concept of autogenic feedback
training. The experiment on SL-] continued the evaluation of the train-

XENOPUS LAEVIS LIFE CYCLE

Animal Pole
EGG -
» SPERM

ADULT @

TADPOLE
Vegetal Pole

CLEAVAGE DIFFERENTIATING EMBRYO

Figure 8. Fertilization of a Xenopus eqgg is followed by cleavage (a succession of cell divi-
sions that partition the large fertilized egg cell into smaller cells), differentiation, and
organogenesis. After hatching from the egg, the tadpole will exist in an aquatic stage with
gills and a tail, until complex hormonal changes transform it into an adult frog.

ing with a redesigned Autogenic Feedback System to allow better data
collection and increase crew participant comfort.

Scientists want to determine if reproduction and development occur
normally in microgravity. The Frog Embryvology Experiment was
designed to examine the role of gravity in the fertilization and early
development of an organism (Fig. 8). Previous experiments on aiphib-
ian development in space have produced inconclusive results, partly
because egg fertilization was always carried out in Earth gravity rather
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than in space. It is likely that the developmental stages most suscepiible
to alterations in gravity levels occur just after fertilization. When a froz
egg is fertilized, its contents assume a specific orientation with respect to
gravity. The symmetry of the frogs body is established at this point in
development. The absence of gravity, and therefore the ability of the egg
to orient in a particular way, might disrupt the establishment of proper
symmetry in the body. In the SL-] frog experiment, scientists attempted
to test this hypothesis by fertilizing eggs in microgravity.

The plant experiment was designed to study the critical stages in
plant embryogenesis using ™ ved cells and to study whether mitosis
and chromosome behavior wie modified by the space environment.
Plants may be critical for long-term space flight missions to purify air and
provide replenishable food supplies. They are also likely to make the
small, enclosed chambers on spacecraft more conducive to human habi-
tation on long-duration flights.

Life Sciences Payload

Organisms

Two crew members participated in the AFTE. One was trained to
self-regulate her physiological responses during the flight; and the other,
who was not similarly trained, served as a control.

Four adult female South African clawed frogs, belonging to the
species Xenopus laevis, were studied in the Frog Embryology
Experiment. This species was selected for several reasons. There is a
large quantity of information already gathered on the South African
clawed frog, from which investigators could readily draw. Because fertil-
ization and embryonic development in this frog is external, scientists can

initiate timed fertilization by covering the
eggs with sperm at specific times. Large
egg size makes observation easy, and egg
morphology allows identification of fertil-
ized eggs. Care of the frog in a laboratory
setting is straightforward, requiring only
an aquatic environment and fish food.
Because a single female lays hundreds of
eggs, a large population of genetically
related sibling tadpoles can be obtained
for study. Furthermore, females can be
conveniently induced to lay eggs by inject-
ing them with the hormone human chori-
onic gonadotropin (HCG).
The Plant Culture
Experiment used cultured cells of two
plant species: carrot (Daucus carota) and
daylily (Hemerocallis cv. Autumn Blaze).

Research

Hardware

For the AFTE, the participating crew
member wore the Autogenic Feedback
System-2 (AFS-2). The AFS-2 is a portable, belt-worn monitoring device
that can continnously record up to eight physiological responses. It is
powered by a battery pack and includes a garment, a headband, trans-
ducers, biomedical amplifiers, a digital wrist-worn feedback display, and
a cassette tape recorder. The parameters recorded and displayed by the
AFS-2 are electrocardiogram, heart rate, respiration waveform and rate,

Carrot (Daucus carota)
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NASA Space Life Sciences in the 1990s

Interview with Joan Vernikos

Joan Vernikos came to Ames Research Center
(ARC) as a post-doctoral fellow trained in pharmacal-
ogy. She was soon hired as a research scientist,
studying stress and the stress response in the space
environment. In her years at ARC, she went on to hold
a number of research and managerial positions in the
life sciences area. Since 1993, Vernikos has held the
position of Director of the Life Sciences Division at
NASA Headquarters.

The 1990s was a busy decade for NASA Life
Sciences, a decade of advances and change. One
central advance was the growth in systematic access
to space. Spacelab Life Sciences 1 and 2 missions,
the Life and Microgravity Spacelab, and Neurolab
“allowed us, almost every other year, an opportunity
to conduct experiments proposed by the science
community, asking questions about the effects of
space flight, not just in terms of observing the
changes, but in terms of understanding why they hap-
pen and how they happen,” said Vernikos.

Along with more regular access to space, life
sciences missions became more sophisticated. SLS-1
was the first mission in which dissections were per-
formed on animal subjects pre- and postflight. 5LS-2
marked the first ever inflight dissections, and
Neurolab saw the first inflight surgery, allowing ani-
mals to recover and continue to adapt through the
duration of the flight. “That was the progressive
increase in technical achievement,” said Vernikos,
“and it all happened in the nineties.”

Small payloads have also played an important
role in the overall increase of life sciencas payloads.
“We have used whatever mechanisms we can to
access flight. Small payloads have been another way
of getting regular access for experiments that don't
require any inflight manipulation,” Vernikos said.

Increased life sciences flight activity over the
past decade has led to important scientific findings.
“The rapid plasticity of the nervous system was some-
thing we learned as a result of the changes that occur
in space flight. In the developmental arena, we've
seen dramatic changes resulting from not developing
in the presence of gravity,” said Vernikos. “In the
case of the mouse embryo, the investigator saw that
the cell cycle increases. Cell production was
increased and cell death was reduced.”

Much of future life sciences fiight research will
be conducted on International Space Station (ISS).
Vernikos hopes that this platform, as a continuous lab-
oratory, will allow investigators to see the results and
then perform the next logical experiment. “The other
thing that Station will provide us is the ability to look at
a system that has not only developed in microgravity,
but also has had a chance to adapt to microgravity.
We don't believe that one to two weeks are enough,”
said Vernikos. “Space Station will provide a way of
understanding what chronic exposure and adaptation
to this new nvironment will do.”

In recent years, the program has also broadened
to include extensive collaboration with other federal

research agencies and foreign space ageicies.
Since 1992, NASA collaboration with the National
Institutes of Health (NIH) and the National Science
Foundation has grown steadily, helping to leverage
funding for life sciences research. “Currently we
have approximately 20 agreements with about 12 of
the NIH institutes,” said Vernikos.

In terms of international cooperation, "We
encourage collaboration, teaming, « nd sharing so that
science is best served.” Through the International
Space Life Sciences Working Group (ISLSWG),
Vernikos said that NASA and its international partners
have created a system that involves single announce-
ment, solicitation, and international peer review and
selection of science flight experiment proposals.

ISLSWG is largely responsible for facilitating
development of life sciences research on the iSS, a
platform that is helping to foster unprecedented levels
of international cooperation in the space life sciences.
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skin conductance, finger
temperature, finger pulse
volume, and triaxial accel-
erations of the head.

Frogs were kept in the
Frog Environmental Unit
(FEU), which provides a
ventilated, temperature-
controlled, moist habitat for
four female adult frogs as
well as a group of develop-
ing embryos. The mainte-
nance of a stable tempera-
ture is critical for successful
frog ovulation and embryo
development. Within the
FEU, the removable Adult Frog Box housed the frogs. The box 1s lined
with a solt, water-absorbent material to prevent skin abrasion and con-
tains Ringer’s solution to keep the frogs moist. The FEU also accommo-
dates two sets of Egg Chamber Units (ECUs). One set of 28 ECUs is
kept in microgravity, while the other set of 28 ECUs is kept in a cen-
trifuge inside the FEU, providing a simulated 1-G environment. Each
ECU is equipped with a window that allows viewing of the embryo with
use of a dissecting microscope and video equipment. The chambers are
filled with Ringers solution and can accommodate injections of fixatives
or other materials.

South African Three-Clawed Frog ( Xenopus laevis)

HCG/Sperm Kits and a sperm suspension were stored in the
Refrigerator/Incubator Module (R/IM). The R/IM is a temperature-

controlled holding unit flown in the Shuttle middeck that maintains a
cooled or heated environment.

Embryos and tadpoles were viewed through the Dissecting
Microscope, which supports general life sciences experiments requiring
capabilities such as examination, dissection, and image recording of tis-
sues and other specimens. Adjustable magnification permits, for exam-
ple, viewing of a single embryo or entire tadpole flasi:. The Dissecting
Microscope features a video camera and video interface unit that allow
recording and downlink of images to the ground.

Crew members performed flight operations for the experiment
using the General Purpose Work Statioa (GPWS). The GPWS can sup-
port biological experiments, biosampling, and microbiological experi-
ments, and it can serve as a closed envizonment for containment while
routine equipment repair or other inlight operations are performed.
The GPWS cabinet provides workbench accommodations and allows
two crew members to simultaneously perform tasks within.

Twwvo Ambient Temperature Recorders (ATR-4) were used to record
the temperature of the experiment system so that the researchers would
be aware of any temperature anomalies that may have occurred during
flight. One was mounted in the Adult Frog Box and the other in the
HCG/Sperm Kit. The ATR-4 is a self-contained, battery-powered pack-
age that can record up to four channels of temperature data.

Plant cells were contained in Cell Culture Chambers provided by
NASDA. These chambers are aluminum petri dish-like compartments.
A honeycomb matrix inserted into the base of the chamber provides
structural support for the solid agar medium containing the cultured
cells. The cells are capable of gas exchange through a gas-permeable
membrane at the top of the chamber.
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Operations

Preflight

During the months before the mission, a crew member was given
autogenic feedback training (AFT). During the training sessions, she
was presented with angmented sensory feedback of her own physiologi-
cal activity levels. While monitoring the feedback, she was instructed to
perform specific exercises in order to learn to modify her autonomic

responses. Several baseline physiological measurements were taken of

all crew members, both trained and untrained. Motion sickness was
induced during training by use of a rotating chair, a vertical acceleration
device, and flights in the KC-135 aircraft. The rotating chair provides a
clockwise Coriolis acceleration force. The vertical acceleration device
can be displaced 2.5 feet upwards or downwards at programmable fre-
quencies and gravity loads. The KC-135 is a pressurized Boeing 707 air-
craft that can provide short periods of simulated microgravity during
parabolic flights.

The sperm solution for inflight fertilization of frogs was prepared.
sealed, and refrigerated. The whole testis was macerated and the solu-
tion was diluted to activate the sperm before use. Four frogs were
loaded into the Adult Frog Box about 30 hours before the launch of the
Shutde. The box was placed in the FEU in the Spacelab.

About one week before flight, plant cell cultures were prepared at
the investigator’s laboratory. Cultured cells were transferred to two Plant
Culture Chambers and allowed to solidify in nutrient medium contain-
ing an agar-like agent. The chambers were then hand-carried by com-
mercial airliner to KSC. The chambers were kept in an unlit incubator at
22:2 °C until 17 hours before launch, when they were loaded into the

Shuttle middeck. Simuitaneous ground controls were maintained at the
investigators laboratory.

Inflight

For the AFTE, a crew member wore the AFS-2 for the first three
days of the mission. She also used an 11-item symptom logbook to
record the type and severity of symptoms at specially designated times
during the mission and at any time that she experienced symptoms. She
was required to perform daily 15-minute sessions during which she prac-
ticed controlling specific physiological responses with the help of the
wrist-worn display unit. If she experienced symptoms during the flight
she was required to apply the AFT methods to control them.

On the first day of flight, the crew injected the four frogs with
human chorionic gonadotropin (HCG), inside the GPWS (Fig. 9).
Approximately one day later, eggs were obtained trom each {light frog
and fertilized using the Sperm Kit. The percentage of fertilized eggs
from each individual frog was noted to be relatively high. Eggs from the
two best frogs were loaded into 22 egg chambers and placed in the
FEU. Ten chambers were incubated in the centrifuge and 12 chambers
were incubated in microgravity. Some eggs from both control and exper-
iment groups were fixed with formaldehyde at 2.5 hours, 14 hours, and
22 hours after fertilization. Eggs arrested in these developmental stages
were stored for pos mission analysis. Some eggs from both groups were
allowed to hatch undisturbed into tadpoles. The swimming behavior of
the tadpoles was filmed and also downlinked directly to a ground station.
Tadpoles were stored in the R/IM for reentry.

For the Plant Cell Culture Experiment. ambient temperatures were
recorded in the vicinity of the experiment package.
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Postflight

Shortly after landing, the AFTE investigato's interviewed the sub-
ject crew member about her experience of participating in the AFTE.
Flight hardware, data tapes, and log books were returned to the investi-
gator’s laboratory within 24 hours of landing. The results of the AFTE

from Spacelab-] were compared with the results from five other trials of

the AFTE performed on other flights.

Preserved frog embryos and some of the live tadpoles brought back
to Earth were nucroscopically examined to determine if microgravity
affected their anatomy. Extensive behavioral tests of the tadpoles were
conducted during the nine days following landing. Other tadpoles were
raised to sexual maturity and mated to determine if microgravity affects
multigenerational development.

Ti > plant cell culture chambers were removed from the orbiter about
three hours after landing and transported to the investigator’s laboratory.

&> Fixation v Primary subjects chosen
@ Video downlink Ve Injection with HCG
/A Health check 1 Fertilization

Figure 9. Inflight activities for the development study using the Frog Environmental Unit.

Results

Human Study

Results were collected across multiple missions; however, flight data
were collected for only six subjects (three treatment and three controls).
The flight results showed that two AFTE subjects were symptom free,
while the third had moderate symptoms on the first mission day. Two con-
trol subjects experienced vomiting episodes on the first three mission days,
despite having taken medication. The third experienced mild symptoms. It
was concluded that AFT is effective in controlling space motion sickness in
some subjects, and that effectiveness is related to preflight learming ability.

Frog Study
Despite a few early developmental differences between the micro-
gravity experiment group and the 1-G flight control groups, development
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to the neurula stage, in which the embryo first begins to develop the ner-

vous system, was largely unimpaired in microgravity. All fixed neurula and
tadpoles seemed normal. However, tadpoles that developed in micrograv-
ity failed to find an airAvater interface and inflate their lungs. Within a few
hours postflight, the tadpoles were observed to gulp air through inflating
their hings. Failure to inflate their lungs would have had serious effects on
the frogs at metamorphosis had they been kept at microgravity for multi-
generational studies. The flight tadpoles showed stronger optomotor
behavioral responses than the control tadpoles, perhaps indicating addi-
tional reliance on visual information to compensate for the lack of gravita-
ticnal cues. This difference disappeared by nine days postflight.

Plant Cell Study

Numbers of developed embryos and cells in division at time of

recovery were significantly fewer in space-flown samples than in the
ground controls. Significant aberrations 5. - omosome struciure were

found in the space-flown samples but not in the ground controls.

Additional Reading

Black, S., K. Larkin, N. Jacqmotte, R. Wassersug. S. Pronych, and K.
Souza. Regulative Development of Xenopus laevis in Microgravity.
Advances in Space Research, vol. 17(6/7), 1996, pp. 209-217.

Cowings, Patricia S. and William B. Toscano. Autogenic Feedback
Training As a Preventive Method for Space Motion Sickness:
Background and Experimental Design. NASA TM-108750, August
1993.

NASA. STS-47 Press Kit. September 1992. Contained in NASA Space
Shuttle Launches Web site. http/Avww.ksc.nasa. gov/shuttle/mis-
sions/missior.s.html.
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Physiological Systems Experiment (PSE)
Payloads

The Physiological Systems Experiment (PSE) program was designed
to provide commercial developers of biotechr.ology products with
opportunities to conduct experiments in the space environment.
Experiments in the program were sponsort d by Ames Research Center
and jointly developed by one of NASAS 7. mercial Space Centers
CSC ) and a commercial partner.

The objective of the program was to enconrage research into the
physiological changes that occur in living systems when thev are
exposed to microgravity conditions. The three PSE payloads flown in
the 1991-1995 time peric ]l were desiened to test ('nnlnwrciu"} devel-
oped pharmaceutical pre wchucts that were expected to prevent or rectity
the adverse effects of space flight on bone and muscle, tissue repair
processes, and immune system function. If proven effective, such phar-
maceuticals conld be used to treat astronauts on long-duration space
flight missions. The products are also likely to have applications on
Earth, where similar problems can oceur as a result of aging and several
disease conditions.

The PSE experiments were conducted in small pavloads flown in
the Shuttle middeck or in the SPACEHAB module (see Chapter 3 for a
description of the module). Like all middeck pavloads, they required
minimal crew time and spacecraft power. All preflight and postflight
experiment pre wedures were developed and implemented by the com-
mercial partners with NASA oversight, to ensure that they were compat-

ible with Shuttle interfaces and safety requirements. The commercial
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partners leased hardware from NASA and paid a fee for Shuttle trans-
portation. By agreement, all scientific results have been kept contidential
until release by the commercial partners. The identity and the chemical
composition of the pharmaceuticals under develonment have also

remained confidential until company disclosure. For the purposes of
payload approval and mission safety. they were revealed only to: a NASA
toxicologist, who evaluated risks to the crew in case of accidental expo-
sure; the NASA animal care and use panel, who evaluated impacts of
their use on animal welfare; and a safety panel who considered the risks
of accidental exposure during preflight and posttlight periods.

The first Shuttle mission to carry a PSE payload was STS-41, which
flew in 1990. Three Shuttle missions were flown with PSE payloads dur-
ing the 1991-1995 period: STS-52, STS-57. and STS-62.
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PAYLOAD PROFILE: PSE.02/STS-52

Missien Duration: 10 days Date: October 22-November 1, 1992

Life Science Research Objectives

* To study the capacity of a synthetic protein to halt or slow down bone
loss in rats

Life Science Investigations
* Bone Physiology (PSE2-1, 2)

Organisms Studied
* Rat.us norvegicus (rat)

Flight Hardware

» Ambicnt Temperature Recorder (ATR-4)
» Animal Enclosure Module (AEM)

* AEM Water Refill Box

Physiological Systems Experiment 2/STS-52

Mission Overview

The 10-day STS-52 mission was launched on the Space Shuttle
Columbia on October 22, 1992. The mission terminated with the landing
of the Columbia orbiter on November 1. Six ecrew members flew aboard
the Shuttle, including an astronaut from the Canadlian Space Agency

The mission had two primary objectives: to deploy NASA’s Laser
Geodynamic Satellite and to fly the U.S. Microgravity Payload-1. STS-52
also had many secondary objectives, one of which was to fly the
Physiological Systems Experiment 2 (PSE.02). The PSE.02 payload was

jointly developed by Merck & Co., Inc. and the Center for Cell Rescarch,

a NASA Commercial Space Center at Pennsylvania State University.

Life Sciences Research Objectives

Osteoporosis is a disease marked by a progressive loss of bone mass.
It currently affects a large number of Americans, particularly post-
menopausal women. Prolonged immobilization of any kind can cause
bone loss; it is, therefore, a problem also faced by bedridden or para-
lyzed patients Because exposure to microgravity results in a loss of bone
mass similar to the effects of osteoporosis and immobilization, the space
environmernt serves as a laboratory for studying these conditions. The
clmngcs seen in bone tissue after exposure to micmgmvity are, in fact,
more similar to the changes seen in osteoporosis than are changes
induced in experimental animals on the ground by neurectomy, the exci-
sion of part of a nerve. The PSE.02 payload was designed to enable
Merck scientists to study the capacity of a synthetic protein molecule to
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halt or slow bone loss in microgravity. The protein has potential use in
countering condlitions that involve loss in bone mass. 1t may also be use-
ful for combatting the bone loss that is likely to be experienced by astro-
nauts on long-terin space flights in the future. The identity of the protein
is considered proprietary information.

Life Sciences Payload

Organisms

Twenty-four healthy adolescent male albino rats (Rattus norvegicus)
acted as experiment subjects. Twelve rats were used in the flight group
and 20 rats were used in the ground control groups. Each weighed
between 150 and 225 g at launch.

Hardware

Rats were housed in Animal Enclosure Modules (AFMs). The AEM
is a self-contained animal habitat, storable in a Shuttle middeck locker
that provides ventilat:.n, lighting, food, and water for a maximum of six
adult rats. Fans inside the AEM circulate air through the age, which
passively controls the temperature. A filtering system controls waste
products and odors. Although the AEM does not allow handling of con-
tained animals, a clear plastic window on the top of the unit permits
viewing or video recording. The Water Refill Box enables inflight replen-
ishinent of water,

An Ambient Temperature Recorder (ATR-4) accompanied each
AEM. The ATR-4 is a self-contained, battery-powered package that can
record up to four cl-umels of temperature data.

Operations

Preflight

U pon rcccipt, animals not assig 1wed to a vivarinm control group were
placed in the Elevated Temperature Equilibrium Group, which was
allowed to acclimate to 28 °C for at least seven davs prior to launch. The
flight group of rats was chosen from the elevated temperature group and
matched by weight into pairs three days before launch. One rat in each
pair was given subcutaneous injections of the anti-osteoporotic protein
two days prior to flight. One day before the flight, they were given a sec-
ond dose of the protein and an injection of the bone marker calcein. The
remaining six rals were flown as an untreated control group. They were
injected with a saline placebo two days before flight and with saline and
calcein one day before the flight.

Two AEMs with the (light rats were installed in the orbiter about 19
hours before launch.

Inflight

Eight rats served as a vivariun control, while 12 rats treated in a
manner identical to the flight rats formed a 24-hour delayed synchro-
nous control on the ground (Table 7).

The crew made daily observations of the animals, verified that the
experiment hardware was funictioning normally, and operated the AEM
Water Refill Assembly, as needed.

Postflight
After the rats were recovered from the Shuttle, they were weighed
and subjected to a health check. A blood sample was collected from each
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animal under anesthesia. Each rat was then given an intraperitoneal
injection of oxytetracycline, a second bone marker, and placed in a meta-
bolic cage for the collection of urine samples. The rats were then
shipped to the investigators™ laboratory and euthanized before tissues
were collected for processing. Scientists from Merck and the Center for
Cell Research analyzed the tissue samples.

Results

Most of the experimental data remains proprietary information of

Merck & Co. However, the company did report that the compound sig-

VARIABLES
Number of Rats 12 12 8
Launch/ actual none none
Recovery Stress
G-Force micro-G 16 16
Food Available ad lib ad lib ad lib

- group group group
Housing (6 per cage) (6 per cage) (2-3 per cage)

. simulated
Environment spacecraft Spath i standard lab
conditions Condiions conditions

Table 7. Flight and Control Groups for PSE.02 Rodents.

nificantly reduced microgravity-induced endocortical bone resorption in

comparison with saline-treated controls.
Additional Reading

NASA. STS-52 Press Kit, October 1992. Contained in NASA Space
Shuttle Launches Web site. http:/Avww.kse.nasa.gov/shuttle/mis-
sions/issions.litial,
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PAYLOAD PROFILE: PSE.03/STS-57

Mission Duration: 10 days Date: June 21-July 1, 1993
Life Science Research Objectives
* To study the role that growth factors play in tissue repair

Life Science Investigations
* Bone Physiology (PSE3-1, 2)

Organisms Studied
* Rattus norvegicus (rat)

Flight Hardware

* Ambient Temperature Recorder (ATR-4)
* Animal Enclosure Module (AEM)

* AEM Water Refill Box

Physiological Systems Experiment 3/STS-57

Mission Overview

The orbiter Endeavour began its 10-day STS-57 mission on June 21,
1993. The mission was originally scheduled to begin on April 28, 1993.
Four 14-day delays occurred before the actual launch on June 21. The
mission terminated with the landing of Endeavour on July 1. A six-
member crew flew onboard the Shuttle.

The primary mission objective was to retrieve the European Space
Agency’s European Carrier (EURECA) satellite. The mission had sever-
al 5('c0ndeu}' ()hjecti\'e& one of which was to carry a group of experiment
payloads contained within the SPACEHAB facility. SPACEHAB is a
commercially developed laboratory that angments the Shuttle’s middeck
capacity, providing experiment rack space that can be accessed and tend-
ed by crew members.

One of the payloads within SPACEHAB was the third in the series
of Physiological Systems Experiment (PSE.03) payloads. PSE.03 was
jointly sponsored by the NASA Center for Cell Research and a commer-
cial partner, ConvaTec, a Bristol-Myers Squibb company.

Life Sciences Research Objectives

The PSE.03 payload was designed to study the roles of two growth
factors involved in accelerating or enhancing tissue repair.
Microgravity, like certain conditions on Earth, appears to slow down
the process of tissue repair. Studies carried out on the Russian Cosmos
2044 biosatellite mission have suggested that muscle and bone repair
are slower in microgravity. Collagen metabolism in unwounded skin is
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also known to be altered in microgravity. Since wound healing is
dependent on adequate collagen deposition in the vicinity of the
wound, it is likely that skin healing will also be altered in microgravity.
The results of the experiment may help dermatologists to devise thera-
pies for astronauts who receive skin or soft-tissue injuries during long-
duration space flight. Data gathered during the STS-57 mission was
also expected to be useful in developing skin treatments for burn vic-
tims, diabetics, elderly surgical patients, bed-sore sufferers, and other
skin-injury patients on Earth.

Life Sciences Payload

Organisms

The experiment was conducted on adult male rats (Rattus norvegi-
cus) belonging to the Fischer 344 strain. This strain of rat was flown for
the first time on this mission in order to satisfy space, weight, and food
availability restrictions. Rats of this strain were selected because they
consunie less food and water than Sprague-Dawley rats consume, and
therefore gain less weight in a given period of time. Use of the Fischer
344 strain allowed the flight of adult rats without having to reduce the
size of the sample. Twelve rats were used in the flight group, while 44
rats were used in ground control groups.

Hardware

The rats were housed in Animal Enclosure Modules (AEMs). An
Ambient Temperature Recorder (ATR-4) was flown along with the
AEMs to record the temperature of the rat cages. For general descrip-
tions of the AEM and the ATR-4, see PSE.02.

Operations

Preflight

The main objective of the mission, retrieval of the EURECA satel-
lite, meant that the Shuttle had a narrow launch window on any particu-
lar day. Each delay required the launch time to be moved ahead by 30
minutes for the next designated launch day. Correspondingly, each of the
four delays roquircd the animals™ day/night cycle, which was set to corre-
spond to Shuttle launch time, to be moved ahead by seven hours.

As in the PSE.02 experiment, upon receipt at Kennedy Space
Center, the animals not elssignc(l to a vivarium control group were
placed in the Elevated Temperature Equilibrinm Group, which was
allowed to acclimate to 28 °C for at least seven days prior to launch. The
flight group of rats was chosen from the elevated temperature group
two days before launch.

Preflight experiment procedures included the implantation of
growth factors into six different sites in each of the 12 rats. Two days
before the launch, 20 rats, matched by weight into pairs, were selected
irom a group of animals maintained at 28 °C. About a day later, these 20
rats were anesthetized and sterile polyvinyl alcohol sponges. containing
timed-release pellets, were surgically implanted into six areas in the
subcutaneous tissue of the abdomen.

The pellets contained either growth factor A, growth factor B, or a
placebo. One animal in each of the matched pairs was implanted with
pellets that began releasing the growth factors or placebo immediately
after implantation. The other animal in each pair was implanted with
pellets coated with a substance that dissolved slowly, releasing the
growth factors or placebo only after the rats had entered microgravity.
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Using two different kinds of pellets allowed scientists to differentiate
between the growth factor-induced tissue repair and wound healing
during the period from surgery to launch and during the period in
microgravity. Previous investigations that used only a pellet that

released growth factor immediately obfuscated the results because the
healing process began before exposure to microgravity. Approximately
five hours after implantation, the animals were injected with calcein.

The flight group of 12 rats was chosen from the 20 that were
implanted with pellets. The remaining eight rats served as the basal
control group.

Inflight

There were four groups of control rats on the ground (Table 8). The
basal control group was euthanized immediately after launch in order to
obtain baseline physiological data. The delayed synchronous control
group was maintained in AEMs within the Orbiter Environmental
Simulator (OES). The OES is a modified environmental chamber at
Kennedy Space Center whose temperature, humidity, and CO, level are
electronically controlled based on downlinked environmental data (romn
the orbiter. Thus the animals within the chamber are exposed to envi-
ronmental conditions that are similar to those experienced by the flight

VARIABLES
Number of Rats 12 8 12 12 12
Launch/ | )
Recovery Stress actua none none none none
Gravitational Force micro-G 16 1G 1G 16
Food Available ad lib ad lib ad lib ad lib ad lib
- group group group group group
Housing (6 per :age) (2 per cage) (6 per cage) (1-2percage) (1-2 per cage)
simulated standard lab standard lab
Environment spacecraft standard lab spacecraft conditions conditions
conditions conditions conditions temp.=28 °C temp.=22 °C

Table 8. Flight and Control Groups for PSZ.03 Rodents.
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group during the mission. The two remaining control groups were

housed in vivarium cages, one at 28 °C and the other at 22 °C. The vivar-
ium animals received the same surgical treatment as did the flight and
delayed synchronous control groups.

The crew made dailv observations of the animals, verified that the
experiment hardware was functioning normally, and downlinked daily
recordings of temperature data, which were used to control the Orbiter
Environmental Stimulator on the ground.

On the first flight day, the crew reported amalfunction in the switch
that automatically set the day and night light cycle in one of the AEMs.
For the remainder of the flight, the crew manvally switched the light
cvele on and off.

Postflight

The animals were removed from the Shuttle about three hours after
landing. They were weighed, subjected to a health check, and mjected
either with 4 saline solution or a mixtu:+ of hypothalamic releasing hor-
mones. Approzimately half an hour lates, they were euthanized. The tis-
sues surrounding thic surgic:al implantation sites were examined to deter-
mine the effect of the growti: factors on tissue repair. All the ground con-
trol groups were enthanized 438 hours after the flight groups.

Results

Both growth facters showed positive effects in the ground control
rats, but only the immiediate-release pellets of the first growth factor and
the delayed-release peii=ts of the second growth factor had a significant,
positive effect on the flight rats. These results may be due to the two-day
delay in the Shuttle launch, which caused the growth factors to be

released earlier during space flight than planned. Microgravity signifi-
cantly redi:ced wound collagen concentration. regardless of the treat-
ment group. Overall, the results show that a highly standardized wound
repair process in young rats is significantly altered by space flight.

Additional Reading

NASA. STS-57 Press Kit, June 1993. Contained in NASA Space Shuttle
Launches Web site. http:/Aviww.kse.nasa.gov/shuttle/missions/mis-
sions.hitml.
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PAYLOAD PROFILE: PSE.04/STS-62

Mission Duration: 14 days Date: March 4-18, 1994

Life Science Research Objectives

* To study the relationship between the musculoskeletal and immune sys-
tems in rats

Life Science Investigations
* Bone Physiology (PSE4-1, 2)

Organisms Studied
* Rattus norvegicus (rat)

Flight Hardware

* Ambient Temperature Recorder (ATR-4)
 Animal Enclosure Module (AEM)

* AEM Water Refill Box

Physiological Systems Experiment 4/STS-62

Mission Overview

The STS-62 mission was launched aboard the Space Shuttle
Columbia on March 4, 1994. After orbiting the Earth for 14 days,
Columbia landed on March 18. A five-member crew flew on the mission.

The primary mission objective was to conduct science experiments
associated with the United States Microgravity Payload 2 and the Office
ol Aeronautics and Space Technology 2 payloads. One of the secondary
objectives of the mission was to fly the Physiological Systems
Experiment 4 (PSE.04). The PSE.04 payload was sponsored by Ames
Research Center and developed by NASAs Center for Cell Research.
NASASs commercial partner in the experiment was the Genetics Institute
in Cambridge, Massachusetts.

Life Sciences Research Objectives

The PSE.04 payload was designed to study the relationship
between the immune system and the musculoskeletal system during
exposure to microgravity. Previous space flight experiments have shown
that both immune and musculoskeletal functions are impaired in micro-
gravity. Some disease conditions on Earth, such as DiGeorge syndrome,
adenosine deaminase deficiency, and cartilage hair hypoplasia. also
result in simultaneous impairme::! of these systems, suggesting that
their physiological controls may by linked. The capacity of the immune
system to influence bone remodeling also provides evidence for a func-
tional link between the immune and skeletal systems. In the PSE.04
experiment, rats were supplied with a protein that affects both immune
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and musculoskeletal functions to determine if it is able to halt or slow
the impairments observed under microgravity conditions. The experi-
ment also songht to determine whether the physiological controls of the
immune and skeletal systems are closely linked in mammals. NASA%s
commercial pamle-r in the srud.\: Genetics Institute, cxpoctod the pro-
tein to have potential applications in treating human diseases on Earth
that affect both immune and skeletal svstems simultaneously.

Life Sciences Payload

Organisms

Seventy-two healthy adult ovariectomized female rats (Rattus
norvegicus) of the Fisher 344 strain acted as the experiment subjects.
Twelve rats were used ‘n the flight group and 60 rats were used in
ground control groups. The Fisher 344 strain was selected for the experi-
ment because it has a lower body weight and consumes less food and
water than the frequently used Sprague-Dawley strain does. Each rat
weighed about 170 g at launch. Smaller rats were desirable because the
PSE.04 experiment objectives required older animals than those used by
most Shuttle experiments. Using Sprague-Dawley rats of this age would
be difficult because of space and food availability limitations posed by
the flight hardware that houses and feeds the rats.

Hardware

The rats were housed in Animal Enclosure Modules (AEMs). An
Ambient Temperature Recorder (ATR-4) was flown along with each
AEM to record the temperature environment of the rat cages. For gen-
eral descriptions of the AEM and the ATR-4, see PSE.02.

Operations

Preflight

The agreement between NASA and Genetics Institute required that
the specific procedures used to prepare the rats for the experiment and
to process them after the flight remain confidential.

Rats were housed in pairs in standard vivarium cages at 28 °C.
About 24 hours before launch, six of the rats were each implanted in a
ventral abdominal location with six pellets that released the experimental
protein slowly over time. The remaining six rats were each implanted
with six pellets that contained a placebo. All rats were tien given an
intraperitoneal injection of calcein, to measure bone growth over time.
Shortly afterwards, they were loaded into two AEMs and transported to
the launch pad.

Inflight

There were six groups of ground control rats (Table 9). The first, the
basal control group, contained six rats that were euthanized on the day of
launch to provide baseline data. The second contained 12 pellet-implant-
ed rats housed in vivarium conditions at 22 °C. The third group con-
tained six rats that were not implanted with pellets; they were housed in
a 22 °C vivarium. The fourth group, containing 12 pellet-implanted rats,
was housed in a 28 °C vivarium. The fifth contained six rats without
implanted pellets in a 28 °C vivarium. The last group contained 12 pellet-
implanted rats in AEMs maintained at 28 °C. The three groups that
were housed at 28 °C were kept in the Orbiter Environmental Simulator
(OES). For a general description of the OES, see PSE.03. Controls were
housed in two different temperature environments to ensure that any
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effect seen in the flight rats was due to microgravity, rather than to the
slightly elevated temperatures that usually occur on the Shutile middeck.

The implanted pellets were designed to release the drug into the tis-
sues of the flight rats about 48 hours after launch.

During the flight, the rats had free access to food and water. The
light cycle in their cages was set to 12 hours of light alternating with 12
hours of darkness. The crew made daily observations of the animals, ver-
ified that the experiment hardware was functioning normally, and down-
linked daily recordings of temperature data, which were used to control
the OES on the ground.

Postflight

Shortly after recovery, flight rats were weighed and given a liealth
check. They were subsequently euthanized and tissue samples were
taken for analysis.

Results

The agreement between NASA and Geneties Institute requires
that the results of the PSE.O4 experiment remain confidential.
Genetics Institute has not yet released information regarding the

results of its experiment.

VARIABLES
Number of Rats 12 6 12 6 12 6 12
Launch/
actual none none none none none none
Recovery Stress
C -avitational Force micro-G 16 16 16 16 1G 16
Food Available ad lib ad lib ad lib ad lib ad lib ad lib ad lib
Housing group group group group group group group
(6 per cage) (2 per cage) (3—4 per cage) (3-4 per cage) (3—4 per cage) (3—4 per cage) (6 per cage)
standard lab conditions conditions conditions conditions
Environment Spacsot conditions temp.=22 °C temp.=22 °C temp.=22 °C temp.=22 °C spacecraft
conditions standard lab standard lab standard lab standard lab simulated conditions

Table 9. Flight and Control Groups for PSE.04 Rodents.
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Additional Reading

Morey-Holton, Emily R. and Sara Bond Arnaud. Skeletal Responses to
Spaceflight. In: Advances in Space Biology and Medicine, vol.1, edit-
ed by Sjoerd L. Bonting. Greenwich, CT, and London, Eugland: Jai
Press Inc.. 1991, pp. 37-69.

NASA. STS-62 Press Kit. March 1994. Contained in NASA Space
Shuttle Launches Web site. http:/Avww ksc.nasa.gov/shuttle/mis-
sions/missions.html.
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IMMUNE Payloads

The IMMUNE program was designed to fly small commercial
pavloads on Shuttle missions. Ames Research Center provided assis-
tance in managing the pavloads. which were sponsored by BioServe
Space Technologies, a NASA ( ‘ommercial Space Center. NASAS com-
mercial partner for both pavloads was Chiron Corporation in
Emenwille. California

The IMMUNE pregram provided opportunities for researchers to
studv the effect that microgravity has on immune systemn functions.
Studies on both IMMUNE pavloads tested a pharmaceuatical that may
help prevent or reduce immune systein suppression. The experiments
used rodents as subjects.

Experiments were conducted in small pavloads flown in the
SPACEHAB module and required minimal crew attention. Chiron
Corporation leased hardware from NASA and paid a fee for Shuttle
transportation. With NASA oversight, Chiron Corporation dv\'z'lnpc-d
and implemented all preflight and postflight experiment procedures. By
agreement, all scientific results have been kept confidential until
released by the commercial partner.

Two Shuttle missions were flown with IMMUNE payloads during
the 1991-1995 period: STS-60, which flew in 1994; and STS-63. which
flew in 1995.

Programs and Mi<sions
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PAYLOAD PROFILE: IMMUNE.1/STS-60

Mission Duration: 8 days Date: February 3-11, 1994
Life Science Research Objectives
» To measure the response of the rat immune system to microgravity

Life Science Investigations
¢ Immunology (IMMUNE1-1)

Organisms Studied
* Rattus norvegicus (rat)

Flight Hardware

e Ambient Temperature Recorder (ATR-4)
» Animal Enclosure Mcdule (AEM)

e AEM Water Refill Box

IMMUNE.1/STS-60

Mission Overview

The STS-60 mission was launched on the Space Shuttle Discovery
on February 3, 1994. After eight days in Earth orbit. Discovery landed
on February 11. The six-member crew included a Russian mission spe-
cialist who was the first cosmonaut to fly abeud the Shuttle.

The primary mission objectives were to deploy and retrieve the
Wike Shield Facility, a satellite that creates a vacuum: enviromment for
conducting materials processing experiments, and to use Discovery as a
science platform for conducting the experiments in the SPACEHAB
module. STS-60 was the second flight of SPACEHAB.

One of many secondary objectives was to fly the IMMUNE 1 pay-
load, located within the SPACEHAB module. Ames Research Center
provided assistance in managing the payload, which was sponsored by
BioServe Space Technologies, a NASA Commercial Space Center at the
University of Colorado, Boulder, and Kansas State University,
Manhattan. Chiron Corporation in Emenyville. California, was the coi-
porate afliliate leading the experiment.

Life Sciences Research Objectives

The objective of the payload was to measure the immune responses
of rats to microgravity exposure. Investigators hoped to learn about ways
to prevent or recduce the innmune system suppression that occurs as a
result of some serious disease conditions and old age. The microgravity
enviromment provides a unique opportunity for this tvpe of study because
it typically induces short-term suppression ol the immune system in both
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animals and humans. Polyethylene glycol-interleukin-2 (PEG-11.-2), a

compound known to reduce immune system suppression, was tested on
the rats. PEG-IL-2 is a longer-lasting version ol the commercially avail-
able drug recombinant interlecin-2, which is currently used in therapy
for kidney cancer. PEG-IL-2 appears to have both anti-viral and anti-
bacterial properties. Potential cpphzations include treating diseases on
Earth, such as cancer, AIDS, and primary immunodeficiency in children,
and reducing the immunosuppressive effects of advanced age. It may
l\ls() l)(" ”S(‘ﬁll in l)]‘('\'(,‘nﬁ“g i]“”“l”()S"pl’l‘(‘SSi()n or ]'(“St()ri”g immune
[unction in astronauts who will live and work for long periods in the
International Space Station. The data gathered from the experiment

were also expected to heup scientists develop a computer model of

hnman inmmune system disorders.
Life Sciences Payload

Organisms

Thirty-six male specilic pathogen free rats (Rattus norvegicus)
belonging to the Sprague-Dawley CD strain acted as the exneriment
subjects. This strain was selected because Chiron Corporation normelly
uses it to test the activity of interleukin-2. Tivelve rats were used in the
flight group and 24 rats were used in ground control groups.

Hardware
Rats were housed in Animal Enclosure Modules (AEMs). The AEM
is a self-contained animal habitat, storable in a Shuttle middeck locker,

which provides ventilation, lighting, food, and water for & maximum of

six adult rats. Fans inside the AEM circulate air through the cage, pas-

sively controlling the temperature. A filt ... system controls waste
products and odors. Although the AEM does not allow tiandling of con-
tained animals, a clear plastic window ¢ the top of the unit permits
viewing or video recording, The Water Refii! Box enables inflight replen-
ishment of water.

An Ambient Temperature Recorder (ATR-4) accompanied each
AEM. The ATR-4 is a self-contained, battery-powered package that can
record up to fonr channels of temperature data.

Operations

Preflight

Once animals arrived at the launch site, they were allowed to accli-
mate to the 28 °C temperature expected to ocenr within the AEMs dur-
ing the tlight. About one day before the flight, six rats were injected with
PEG-1L-2 intravenously in their tails and six flight control rats were
injected with saline. Two AEMs with the flight rats were loaded into the
orbiter about 10 hours before launch.

Inflight

Two group , each with 12 rats, served as ground controls (Table 10).
The control groups were treated in a manner identical to the flight ani-
mals, after a 23-hour delay. The delayed synchronous control group was
housed in AlsMs within the Orbiter Environmental Simulator (OES),
which is in a modified environmental chamber at Kennedy Space
Center whose temperature, humidity, and COyq level are electronically
controlled based on downlinked environmental data from the orbiter.
Thus the animals/plants within the chamber are exposed to environ-
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mental conditions that are similar to those experienced by the flight
group during the mission. The vivarium control group was housed in

cages at 28 °C.
During flight, the rats had free access to food and water. Their light
cvele was set to 12 hours of light alternating with 12 hours of darkness.

The crew made daily observations of the animals through the cover of

the AEM, verified that the experiment hardware was functioning nor-
mally, refilled the AEM Water Refill Box when necessary, and down-
linked daily recordings of temperature data, which were used to control
the OES on the @ound.

VARIABLIS Flight
Number of Rats 12 12 12
Launc*, actual none none
Recovery Stress
G-Force micro-G 16 16
Food Available ad lib ad lib ad lib
: group group group

Housing (6 per cage) (6 per ~age) (6 per cage)

. spacecraft simulated standard lab
Environment c%nditions spacecraft conditions

conditions

Table 10. Flight and Control Groups for IMMUNE.1 Rodents.

Postflight

The flight AEMs were opened about three hours after the Shuttle
landed. All flight rats were examined and euthanized shortly afterwards
to provide tissues for analysis. The delayed synchronous group was
processed 23 hours later, and the vivarium control group was processed
46 hours after landing.

Results

All flight animals appeared to be in overall good health and had
gained a considerable amount of weight during the flight. Six of the 12
flight rats had injured tails. The investigators concluded that the affected
animals had received thermal injuries to their tails preflight, when their
tails were warmed in water priox to injection of PEG-11-2 or saline. The
injuries appeared to have been exacerbated by the suppression of normal
healing during the flight.

Rats treated with PEG-I1.-2 did not gain as much weight as the con-
trol animals, though this trend was not statistically significant in all com-
parisons. Treated rats experienced an increase in spleen-to-brain ratio,
which is an expected consequence of the drug treatment. Treated vats in
the flight and synchronous control groups experienced an increase in- he
thymus-to-brain ratio, a measure of stress. There were no differences in
the number of total white blood cells or in nmunber or percentage of
monocytes or lymphocytes (two types of white blood cells) between
flight and control gronps. However, the nunber of nentrophils (another
type of white blood cell) was significantly higher in treated flight and syn-
chronous control animals. No significant changes were observed in bone
physiology. These results were later compared to the results of
IMMUNE.2, which flew on STS-63.
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Additional Reading

NASA. STS-60 Press Kit, F 01)1'11:11}' 1993. Contained in NASA Space
Shuttle Launches Web site. lnti‘p://\\wu\zksc.lnwu.g()\'/slmﬁle/mis-

sions/missions.html.
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PAYLOAD PROFILE: IMMUNE.2/STS-63

Mission Duration: 8 days Date: February 3-11, 1995
Life Science Research Objectives
» To extend the study of the rat immune system conducted on STS-60

Life Science Investigations
* Immunology (IMMUNE2-1)

Organisms Flown
* Rattus norvegicus (rat)

Flight Hardware

* Ambient Temperature Recorder (ATR-4)
 Animal Enclosure Module (AEM)

* AEM Water Refill Box

IMMUNE.2/STS-63

Mission Overview

The STS-63 mission was launched on the Space Shuttle Discovery
on February 3, 1995. The eight-day mission ended on February 11. The
six-member crew included the first female pilot to fly a space mission
and a mission specialist from Russia.

The primary mission objective was to perform a rendezvous and fly-
around of the Russian space stationn Mir to verify flight techniques and
communications and navigation interfaces associated with Shuttle/Mir
proximity operations ‘n preparation for the STS-71 docking mission.

Kennedy Space Center sponsored two secondary pavloads on the
mission: CHROMEX-06 and Biological Research in Canisters 3 (BRIC-
03). NASA and the National Institutes of Health collaboratively spon-
sored the National Institutes of Health Cells 3 (NTTL.C3) pavload.

STS-63 also carried a commercial payload, IMMUNE.2, which was
developed by Ames Research Center in association with Chiron
Corporation in Emeryville, California, and BioServe Space
Technologies, the NASA Commercial Space Center at the University of
Colorado, Boulder, and Kansas State University, Manhattan.

Life Sciences Research Objectives

The IMMUNE.2 experiment was designed to extend the study of
the rat immune system conducted in the IMMUNE.1 experiment flown
on the STS-60 mission in 1994. The IM<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>