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1. | ntroducti on

Spaceflight results in unavoi dabl e exposure of
astronauts or experinmental organisms to the conplex space
radi ation environnent while sinultaneously subjecting the
individuals to gravity unloading and other stresses such
as vibroacoustic stimuli. A natural question is whether
these independent environnmental factors interact in
significant ways to conFron1se the heal th of spacefl|ght
crews or to significantly nodify the outcome of biologi-
cal experinents focussed on an independent variable.
Access to tinme in space and the ability to control
accel eration |levels of spacecraft have been limted so
important experimental data are limted. Despite these
constraints there are data to suggest that exposure to
mcrogravity may nodify organi sms’ responses to radiation
exposure and there are physiol ogical changes during
spaceflight that could plausibly explain such changes.

In this chapter I will first discuss the nature of
the space radiation environnment with enphasis on exposure
to charged particle ionizing radiation, and then revi ew
results of selected experinments that have investigated
modi fication of radiation responses by other variables,
especially mcrogravity. Enphasis will be given to
findings from animal experinents where the mcrogravity
ﬁlus radiation interaction is nost dIfGCtl% applicable to

y

uman physiol ogy and organization wll be experinent al
protocol .
2. Characteristics of the Space Radiation Environment

2.1 Conposition and Distribution

The radiation environment of space is extrenely
conmpl ex. Electromagnetic radiation from energetic gamma-
rays and X-rays through ultraviolet and visible light to
m crowaves and radio waves all Ferneate the sol ar system
and are dom nated overwhel mngly by solar activity. O
inportance for human heal th under normal shielding
conditions inside spacesuits and spacecraft are the
penetrating X-rays and ganma-rays emtted directly by the
sun or resulting from the iInteractions of " charged
particles wth spacecraft hardware (Bremmstrahlung)
Superinmposed on the electromagnetic spectrum are a nyriad
of subatom c particles such as pions, muons, electrons
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and neutrons derived from solar and gal actic sources or
frOn interactions of nuclei. wth the Earth’s upper
at nosphere and spacecraft materials. Finally, and nost
inportantly, there are |arge nunbers of atomi c nuclei of
all elenents from hydrogen through uranium which trave

to relativistic velocities L31]. hese nuclei are derived
from galactic sources and the sun and, wth the exception
of protons (H nuc|e|% , are collectively referred to as
cosmi c rays or high atom c nunber [Z] energetic (HZE)
particles. Stellar synthesis can only support the
production of elements through iron so that the fluence
(incident particles per unit area) of elements above Z =
26 drops dramatically and represents the galactic cosmc
ray (GCR) contribution derived fromstellar explosions
(novae and supernovae) modifieda by nagnetic fields. The
nost abundant charged particles™ are protons (85% of
fluence), followed by heliumnuclei or al pha particles
(13% of fluence); nuclei of higher atom c number nake up
the remaining 2% of the fluence. But these |ater nucle

contribute nearly 50% of the absorbed dose from particles
with iron constituting the single greatest contribution
to absorbed dose (energy absorbed per unit mass). This
is nmeasured in Gay, where 1 G = 1 Joule/kg; older
Egg?1nology used rad, where 1 rad = 10°Gy or 100 erg/Qg)

The fluence of GCR is isotropic except for shielding
by the earth for spacecraft in |ow earth orbit. The flux
(fluence per unit tine) is generally constant exc:ept for
long termvariations due to the solar cycle. The fluence
of solar particles is less constant and is significantly
nodi fied by the magnetic fields of the sun and earth.
Durln% solar flares the fluence may increase dramatically
over hours or a few days and tends to localize in “flux
tubes" which may or may not intersect the path of the
earth. Solar flares consist primarily of relatively |ow
energy protons which fail to penetrate the earth’s
na?netosphere at low |atitudes due to magnetic focussing
effects that divert them back into space. Al of these
particles penetrate to |low altitudes above the earth’'s
magnetic poles and down to regions of about 50 degrees of
%?hitude as the particles can follow open field Iines

Ceneral |y speaking, |ow earth orbital spacecraft
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receive little dose from cosmc rays due to their
| ocalization in low inclination orbits. Mst U S
spacecraft orbit at inclinations of 28.5 degrees, but
some U S. and nost Soviet mssions spacecraft have used
50 to 65 degree inclinations. O all manned m ssions,
only the Apollo lunar flights have left the earth’s
magnetic envel ope for exposure to the “free space” cosmc
ray environnent.

The major contribution of radiation to manned
spacecraft comes from protons and electrons confined to
the trapped radiation belts (Van Allen belts) which
occupy toroidal regions of space from altitudes above 500
kmto several earth radii. They are distorted to | ower
altitudes at polar latitudes where they are said to form
“horns”, by the appearance of their fluence density in
meridional planar sections. Due to asymmetries in the
earth’s magnetic field, there exists a region over the
South Atlantic Ccean called the South Atlantic Anomal
(SAA) where the magnetic field is slightly weaker whic
allows particles to penetrate to |lower altitudes than at
other locations around the earth. Thus, for orbits at any
altitude the fluence of trapped protons is maxi mum during
traversal of the SAA. The SAA has been the main exposure
source for nost manned mssions and is expected to be the
maj or source of radiation for space station freedom [32].

3.0 Properties of lonizing and Non-lonizing Radiation

Non-ionizing electromagnetic radiation excites
vibrational or rotational notions in nolecules or
pronotes electronic transitions that, in turn, lead to
chem cal reactions. These interactions do not usually
lead to strand breaks in DNA, but cause specific classes
of lesions and elicit repair responses fromliving cells.
The effect of ultraviolet light in causing pyrimdine
dinmers in DNA is perhaps the best known exanple [9]. By
contrast, ionizing radiation extracts electrons from
atoms in a relatively nonspecific pattern and |eads to
the production of highly reactive chem cal species with
unpaired electrons, i.e. free radicals. The nost abundant
bi ol ogical nolecule is water whose nmjor ionization
product is the hydroxyl radical. Such radicals may
diffuse to nearby nucleic acids or proteins where the
can cause or lead to strand breaks or the formation o
adducts that are difficult to repair. Mcronol ecul es nay
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al so be ionized directly without water as an interne-
diate. The presence of oxygen can accentuate free-radical
damage [ 33].

X-rays and gamma-rays are |low |inear energy transfer
(LET% forms of radiation, which nmeans they |ose (transfer
to the target) only a snmall anount of energy per unit of
track length (LET = -dE/ax expressed in keV/micron). For
these radiation species snmall clusters of 1 to 3 ioniza-
tion events are formed every micron or so. The |arge
aver age di stance between ionizations makes DNA strand
breakage relatively inefficient. However, as the dose
buil ds, the distribution of ionization events throughout
the target volume becones nore uniform the nean distance
bet ween events decreases such that macronol ecul e strand
break probability rises [19]. An inportant consequence of
this uniform pattern of dose deposition is that all
regions of a biological tar%et_are exposed equal |y, and
the large distance between |esions at |ow doses allows
repair mechanisns to keep pace with damage formation [9].

3.1 Unique Properties of Charged Particle Radiation

Charged particles are capable of interacting wth
electrons as well. as with nuclei of target atons. Most
interactions are with electrons, but fragnentation of
primary and target nuclei is significant for thick
targets, (human bodies and spacecraft walls) and results
in the creation of nultiple secondary particles. The
consequence is that particles produce dense |inear tracks
of ionization with |ittle change in direction. The LET is
relatively high and follows the Bethe-Bloch relation as
a function of range in the target; This means that -dE/dx
varies as the primary particle’s charge squared divided
by its velocity squared. This behavior is manifested as
a so-called Bragg peak in which relative ionization
versus track position rises sharply at the end of a
particle’s range. Radially, energy loss varies as the
Inverse square of the off-track distance, which is
related to the range of scattered electrons or delta
rays. = However, de ta-r%¥s di splay structured energ
deposition thenselves |eading to "spurs" and "blobs" 0
ionization emanating from prinmary tracks which “"thin
down” at the limt of their range Y19,34].
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There are several consequences of this structured
energy deposition. First,  concentrated doses are
| ocalized to small target regions surrounded by unaffect-
ed regions. For exanple, cells traversed by a heavy ion
may sustain the equivalent of many hundreds of rads while
nei ghboring <cells are wunaffected. Second, the nean
di stance between ionizations along the track is small so
that multiple radicals or ionizations may be created on
the scale of a few DNA base pairs leading to efficient
strand breakage. This is true whether the macroscopic
dose is large or small. Third, the concepts of dose and
dose rate break down when single-particle, single target

cell) interactions are considered; the fundanental
eposition event is froma particle noving at nearly the
speed of light so that the tine associated with traversal
of a 3 mcron cell nucleus is about 10" sec. Fourth,
direct ionization of targets becones nore inportant than
for photons and water and the relative role of active
oxygen species in nediating damage is reduced vis-a-vis
| ow LET radiation [19].

3.2 Ri sk Assessnent

Ri sk assessnments for charged particles have general-
|y been based on the assunption that it is possible to
identify a dose of low LET radiation, such as X-rays or
ganmma rays, which produces the same biological effect as
exposure to a dose of charged particles. This has the
conveni ence of allowng risks to be interpreted in the
context of famliar hazards, such as nedical diagnostic
procedures. \WWen effects unique to high LET radiation
species are not present the relative biological effec-
tiveness is often cal cul ated: RBE = (dose of standard
radiation) + (dose of test radiation) at the sane
frequency of biological effect. The RBE for a particular
endpoi nt” (nutation, tunmor incidence, survival) may vary
substantially with dose and dose rate and is generally
varies 2- to 3--fold with LET; that is, RBE,gum =
RBE 4. (d0se, dose rate, |,ET) so inferences nust be
carefully considered. Infinite RBE values would occur if
an endpoint were only observed after high LET radiation
exposure. The concept of dose equivalence is used to
express the enhanced effectiveness of high LET radiation
Dose equivalent [Sievert (100 rem] = absorbed dose [Ga
(100 rad) ] X RBE. When nmany endpoi nts and experinenta
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systens are involved in estimating risk for particular
radiation species a conbined RBE value is wusually
desired. This value, <called the quality factor, is
establ i shed by a panel of experts and is based on the
body of published experinmental observations. The Nationa
Counci| on Radiation Protection and Measurenents (NCRP)

is the organization in the Uniteda States usually charged -

w th establishing risk estimtes and exposure 1init
recommendations, and it establishes quality factors for
its own use. The NCRP has determ ned that of all the
potential health risks associated with exposure to space
radi ation, radiation-induced cancer is the dom nant risk
conponent for long-term space mssions [10]. cataracto-
genesis, nutation, damage to ganetes, behavioral defi-
cits, and other problens rank far behind.

For charged particle-dom nated radiation environ-
ments a nore useful approach than dose equival ent versus
response for describing the kinetics of damage induction
by radiation would be the use of fluence versus response
or probability of response per unit fluence (action cross
section, o) relationships for particles of particular
structures and energies. The dose is related to the
fluence in the following way: Dose (Gay) = 1.6X10° X LET
(kevV/um) X fluence (cm’) . This nethod would allow the
prediction of biological effects from m xed popul ations
of particles in a natural environnment by weighting the
probabilities according to the abundance of the particles
of a given LET (or char?e state and energy range) . High
LET-uni que endpoints would not be a factor and, for space
m ssions, dose rate would not be an issue because of
relatively low flux. This approach is currently under
consi deration by NASA [10].

Nunmerous biological effects have been exam ned
resulting fromcharged particle exposure and these vary
significantly with the details of track structure
G ound-based studies are carried out at particle acceler-
ators (e.g. Lawence Berkeley Laboratory’s Bevalac) and
provi de data from biol ogical systens as diverse as
manmal s, invertebrates, cultured cells, and m croorgan-
isms. Cell survival, cell transformation, tumorigenesis,
cat aractogenesi s, nutation, chronosone aberration, gene
expression, life shortening, developnental defects, and
virus inactivation are the biological nodels nost fre-
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quently used [19]. Sone of these well characterized
| aboratory systens have been examned in the spaceflight
environnent, ~ but alternate species, nedia, incubation
conditions, etc. have been devel oped to acconmodate
restrictions of spaceflight experimentation (e.g., pocket
mouse and stick insect) .

4.0 Radiobiological Experinents in Space

The various radiobiological responses of organisns
have been studied extensively in the |aboratory and the
results applied to human health issues. However, there is
no satisfactory way to sinmulate the conplex, |ow dose
rate, omidirectional, nulti-conponent environnment of
space with its conplicating feature of microgravity.
Ther ef or e, eﬁfloratory I nvestigations and experinments to
verify ground-based predictions for well-characterized
nodel systens nust be done in space.

Sone of the earliest space experinents were radio-
bi ol ogical. These were of sinple design and typically
consi sted of inert Dbiological objects not likely to be
gravity sensitive. Mst used natural radiation exposures
and conpared data from the microgravity satellite sanple
wth that from matched ground controls. Later, inflight
radi oi sot ope sources were used to enhance the frequency
of the Dbiological endpoint to detect negative or positive
I nfl uences trom "space flight factors”. Mre recent
experiments have also utilized on-board centrifuges as
accel eration controls to exam ne conbi ned radi ati on and
mcrogravity as controlled independent variables. The
sophi stication of the nore recent investigations has
I ncreased as the supporting flight hardware has inproved.
Table 1 sunmmarizes the nost concl usive spaceflight
experiments which address the issue of radiation effects
in mcrogravity. The details are discussed below in
sections 4.2 and 4. 3.

4.1 Exploratory Studies

A nunber of unmanned and manned spacecraft |aunched
by the United States and the Soviet Union fromthe |ate
1950’s through the 1970's carried biological specinens
consisting prinmarily of bacteria, bacteriophages, fungal
spores, microalgae, plant seeds, arthropod cysts or eggs,
and some mammalian cultured cells. Mst satellites were
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placed in [ow earth orbits for several hours to two weeks
allomjn% exposure to natural cosmc rays and trapPed
proton belts. controls consisted of matched sanples
i ncubated in duplicate flight hardware subjected to
vibration and acceleration profiles that simulated rocket
| aunches. In these experinents the natural space radia-
tion induced nutations and chronosone aberrations and
effectively disrupted the norms 1 devel opnent of
Invertebrate and plant enbryos [24,32].

Results from expl oratory experinents in this genre
have been reviewed by Horneck [13? and Amti&yv [1]. They
i nclude findings fromthe Discoverer, NERV, Sputnik,
Cosnos, Vostok , and Voskhod flights. The bi ol ogi ca
speci mens included: T4, T7, ECHO 1, and PR8 viruses;
Escherichia, Clostridium, Bacillus, and Pseudononas
bacteria; chlorella al gae; Neurospora fungus; Arabidops-
i'S, Nicotiana, Lactuca, Oryza, Crepis, Zea and Tradescan-
tia plant seeds and m crospore; and Artemia, Tribolium,
and Drosophila arthropods.

In this 1950 through 1970 tinme period access to
particle accelerators (cKcIotrqns, linacs, synchrotrons)
capabl e of generating heavy ions in the sane energy
ranges as cosmc rays was also very limted, so baseline
dose versus response relationships (except for X-rays)
were not well known for many systems. Vibration, acceler-
ation, and noise, which could nodify radiobiological
responses, were not comon clinical or scientific
vari ables. They becane operational issues in mlitar
aviation and manned space flight. Thus, a data-base o
t hese and ot her uncommon environnental effects, which
coul d potentiallg modi fy radiobiological responses, had
to be devel oped de novo for each experinent |[2].

4,2 Nat ural Radi ation Exposures

For experinments utilizing the natural radiation
environment to provide exposure, acquisition of [arge
dat a- bases were always limted by the volune, nass and
ﬁomer constraints of |ife supporting flight payl oad

ardware because biol ogical sanple sizes had to be |arge

to detect rare genetic and cellular events. Correlations
of biological responses with mssion duration (propor-
tional to dose) have large variability. These con-
straints persist.
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A second generation of studies arose in which
I ndividual cosmc rays were correlated with radiobiologi-
cal endpoints in space and in which in-flight accelera-
tion controls were provided. The Biostack, Biobloc and
Exobloc series of experinents used ray-tracing techniques
to localize cosmc ra% tracks to inmmobilized spores,
seeds, and eggs sandw ched between nuclear track detector
materials such as nuclear emulsions, cellulose nitrate,
and polycarbonate plastic. In this way the rare cosmc
rays (typically at 4 to 10/cm’sday fluence for Z > 6)
could be identified first and then followed by analysis
of "hit" biol ogical sanples w thout wasting tinme and
resources on “unhit" specinmens. Details of experinents of
this type with the brine shrinp, Artemia, the stick
I nsect, carausius, the nematode, caenorhabditis, the
pocket nouse, Perognathus, and the rat, Rattus, are
presented bel ow.

4.2.1 Experinments Using the Brine Shrinp, Artemia

salina

_ Per haps the nost popul ar organi smfor space radio-
bi ol ogi cal studies is the brine shrinp Artemia salina.
Thi s organi smcan exist as a desiccated gastrula cyst for

ears inside an eggshell thereby requiring very nodest

i fe support provisions. Upon return to saline solution
the shrinp recover and resunme devel opnent. Fol | owi ng
experinental irradiation or exposure to space, rates of
hat chi ng, devel opnental progression, and incidence of
devel opnent al anonal i es have been recorded. The results
from Cosnos 1887 and ten previ ous spaceflight experinents
have been reviewed by Gaubin [11]. Rates of inactivation
and anomaly scale with dose but no obvious influence of
mcrogravity on radiation-induced |esions in Artemia has
been reported. This may be due to the fact that the cysts
were essentially dry and the shrinps’ structures were
rigid and gravity resistant. Therefore regulatory and
repair processes based on sol uble enzynes and ot her
biochemical medi ators were probably not active.

4.2.2 Experinents Using the Stick |nsect, carausius
morosus

The stick insect carausius morosus has been used on
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several spaceflights to investigate the effects of
%raV|ty and charged particle radiation on devel opnent.

hese 1nsects undergo inconplete metanorphosis in eggs
within 75 to 105 days at 18 to 22 degrees C.  This

roperty permts eggs to be integrated into parallel

ayers of nuclear track detectors such that ray traC|n%
nmet hods can be used to identify the eggs "hit" by HZ
particles. This hardware arrangement was Integrated into
"Biostack" experiments on several mssions, nost notably
Spacelab D1 and Bi ocosnps 1887. In each of these m ssions
eggs in five devel opmental stages experienced 7 to 12.6
days of mcrogravity and were separated into groups "hit"
or "unhit" by HZE particles during flight and an "unhit"
ground control . the D1 m ssion sone eggs were al so
I ncubat ed |nfl|%rt in a | XG centrifuge. tching rate
fromeggs, growh rate, and frequency of devel opnental

anomal res were measured. ‘|’ he anomalies were prinmarily
fused, tilted, or stunted segnents of antennae, abdonens,

and legs [13, 14,20, 27, 28].

_ The results fromthe D1 mssion indicated that both
mcrogravity and HZE particle strikes disrupted devel op-
ment in a stage specific fashion. Hatching rate was
reduced and the frequency of anonalies was enhanced.
Results fromthe in-tlight centrifuge control insects
indicated that microgravity and HZE effects were
synergistic, suggesting a role for gravity in the ability
of enbryos to manage or repair damage by HZE particles or
vice versa [27]. The sanple sizes were limted on D1 so
a second experinent on Cosnbs 1887 (without the centri-
fuge) was performed to inprove the statistical base,
esge0|ally for sensitive stage enbryos; approximtely
4,300 eggs were flown. Hatching rate was reduced signifi-
cantly by microgravity exposure (81%control vs 50%
flight for stage Il enbryos) and a slight additiona
i npai rnent (additive, not synergistic? was associ at ed
with HZE hits. However, devel opmental anonalies were
substantlaI#g increased in "hit" egﬁs, especially in
stage || enbryos where "unhit" flight sanpl es showed
approximately a 2% rate of anomaly and flight "hit»
sanpl es showed a 17% rate of anomaly [28]. This conpares
with ground control rates of |less than 0.15% on both D1
and Cosnos 1887 flights. These findings are provocative
with respect to the apparent interaction of gravity and
radiation on sensitive, stage-specific, devel opnental
processes. They raise the possibility that mcrogravity
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and radiation may interact at the level of repair
processes, but no specific mechanisms have been proposed.

4.2.3 Experiments Using the Nematode, Caenorhabditis
elegans.

To isolate cosmc ray-induced nmutations, the mcro-
scopi ¢ nenat ode, caenorhabditis elegans, was flown in
1992 on shuttle sTs-42, as part of the Biorack investiga-
tions on the International Mcrogravity Laboratory # 1,
Spacel ab m ssion [22,23]. Approxi mately 60 autosomal
recessive lethals In a 350 gene region, and 12 nutations
in the nuscle protein gene, uric-22, were isolated from
animals held in a dormant |arval state or growing in
| ogarithmic culture. Dormant aninals were incubated Iin a
| am nated assenbly next to CR-39 plastic nuclear track
detectors so that a ray tracing procedure could be used
to correlate specific cosmc rays wth specific nutants.
An extensive series of ground experinents using acceler-
ated charged particles provided an interpretive framework
for these mutants whose structural properties were being
anal yzed at the nolecular level. Unique or characteristic
features of authentic cosm c ray-induced nmutants were
identified [22]. The experinent design did not permt an
explicit test of gravity effects on nutation kinetics
because of the | ow fluence of particles in space, the
smal | responding fraction of animals, and the requirement
for low tenperature to inmobilize animals for ray tracing
whi ch precluded on-board centrifugation. However, in
conpl enentary experinments devel opnent and chronosone
behavi or (segregation and reconbination) were neasured in
rapidly 3romnng cultures as a function of gravity |eve
and found no obvious dependence on gravity [22]. The nain
findings fromthis experinent were the correlation of
nol ecul ar structures with authentic cosmc ray “hits”,
and the observation of normal chronosone nechanics and
devel opment for two successive generations in an aninal
exposed to microgravity.

4.2. 4 Apollo Lunar Flight Experinments wth the
Pocket Muse, Per ognat hus, and Associ at ed
I nvestigati ons.

Experinmental animals carried in Apollo 16 and 17
spacecraft were unique in that, along with Zond 5 and 6
lunar flyby mssions, they were exposed to radiation
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fields outside the earth’s geonmagnetic envel ope, and they
conpletely traversed the trapped proton and electron
belts. The fluence of particles on these m ssions
i ncl uded the full ene%%y range for CCR In earlier
Apol | o mi ssions crew nenbers observed |ight flashes that
were caused by passage of cosmc rayTparticIes t hr ough
their dark-adapted retinas [18]. The possibility of
behavi oral decrements and destruction of nervous tissue,

i ncl udi ng photoreceptors, increased interest in HZE
effects. Severe constraints on nass, volume, and power
%aaited radiobiological experinents to passive tests

The Apollo Biostack | and Il experinments provided
correlation of cosmc ray tracks with inactivation of
several biological objects. The experinments assessed the
efficacy of 'specific ions and their proximty to
bacterial spores, plant seeds and radiculae, brine shrinE
cysts, e%gs of the flour beetle, Tribolium, and the stic
I nsect, rausius. The three animal systems proved to be
most sensitive when assayed for inhibition of hatching
and the occurrence of devel opnental abnornalities.
These tests, and another experinment (MEED) which provided
exposure of organisms to the natural solar |ight spectrum
t hrough quartz w ndows, did not address interactions of
ot her spaceflight factors [18].

One mammal i an experiment was included on the 13
day Apollo 17 flight. In this "Biocore"™ study , five
pocket m ce (Perognathus longimembris) were fitted wth
plastic nuclear track detectors under their scalps to
provide a conprehensive map of cosmc rays passing
through brain and eye tissues and to assess histol ogi -
cally any damage; in addition, a conprehensive study of
all body tissues conplenented the main objective [12].
Animal s were housed separately in cylindrical containers
positioned in a relatively heavily shiel ded location in
the command nodule; four of the five mce survived the
flight. Wen dosinetry and the el aborate stereotactic
measurements were conpleted, 71 cosmc rays of known LET
(2>6) were traced into head structures and the direction
of deceleration was established for 39 of the tracks.
Only five particles intersected retinal tissue of the
four mce. Hi stological exam nation of serial sections
failed to detect |lesions in eye or brain tissue which
correlated with cosmc ray tracks. The absence of
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microlesions [ 34] does not prove that cells were not
damaged, but it argues against catastrophic destruction
of colums of CNS cells fromions of intermediate atomc
nunber. These Biocore results are illustrative of the
difficulties in assessing biological effects of naturally
occurring cosmic rays.

4.2.5 Biocosmos 110 Experinents with Dogs and M cro-
or gani sns.

One early space biol ogy experinent which set the
stage for mammal | an studies was the 22-day Cosnpbs 110
m ssion |aunched in 1966 using an unmanned 2.3m di anet er
spherical Voskhod spacecraft which flew at 51.9 degrees
inclination in a 187 by 904 kmorbit [2,617]. The satel-
lite contained two terrier dogs (Veterok and ugolek) kept
In separate conpartnents within the cabin, which were
mai ntained with the human |ife support system The
animals were largely imobilized, were fed by gastrosﬁony
tubes, and were nonitored extensively w th physiologica
sensors. Veterok was given a radiation protestant drug
i ntravenously during the mssion, and two additional dogs
were treated simlarly and simultaneously on the ground
as controls. The dogs were recovered in "good conditiona
but experienced significant calcium |oss and had inpaired
novenent for 8 to 10 days. Radiobiological endpoint data
in the dogs was not avail able, but the neasured dose was
10.5 cGy (approximately 0.5 cGy/day) which was due to
protons which the spacecraft encountered as it transitted
the lower Van Allen belt at apogee.

AmconpanYing the dogs were a variety of other
organi sms inc udln% a lysogenic strain of E. coli K12
(l'anbda) used with and w thout an aminothiol radio-
protectant, plant seeds, Tradescantia microspore, and an
Intact plant. Phage induction was significantly enhanced
in flight and suppressed by the radioprotectant.
Tradescantia m crospore showed a variety of chronosone
aberrations and mitotic disturbances while nutation
%2] Chlorella was not different from ground controls
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4.2.6 Biocosmos 782 and 936 Experinments with Rats.

Interest in effects of cosmc rays on manmal i an
central nervous systens and eyes led to investigations
with rats aboard the Soviet biosatellites Cosnpbs 936 and
782.

Cosnps 936

Cosnps 936 was |aunched 3 August 1977 for 18.5 days
in a 224 x 429 kmorbit at 62.8 degrees inclination and
90.7 min period. Thirty specific pathogen free nale
Wstar rats, fed on a paste diet were flown. Twenty were
exBosed to mcrogravity and ten were incubated in an
onboard 1.05xGcentrifuge. Five rats from each group were
used for radiobiological studies and were sacrificed
after 25 days of recovery on the ground. Parallel ground
control rats were utilized with a 4-day lag tine, they
were subjected to acoustic noise, mechanical vibration
and acceleration profiles simulating those during |aunch
and recovery. For exanple, launch noise was 110 aB for 10
mn with 50-70 Hz vibration at o.4mm anplitude foll owed
by acceleration for 10 mn to 4XG for a 7 mn plateau

eriod. Reentry and recovery involved a 5 mn accelera-
ion to 6XGfor a 3 mn plateau, followed by a 10 nsec
pul se at 50XG [ 16, 29].

Because of the postul ated existence of "micro-
lesions" in the highly organized retinal tissues, the
rats’ eyes were fixed and examned with |ight and
el ectron mcroscopy for linear tracks of danmage in the
retinas. This exam nation was pronpted by results of
accel erated particle experinents at the Bevalac, usin
neon ions on C57 Black mce and pocket mce, whic
identified mcroscopic lesions in cells of the eye and
nervous system HZEcFarticIe fluences of 1.75 parti-
cles/cm’day (Z>3 and range in lexan > 180um) wWere
measured on Cosnbs 936 rats using | exan and nitrocellu-
| ose track detectors. Total doses of 4.24 to 5.23 nGy
were neasured using TLDs. Neutron fluences, stopPing
protons and nucl ear decay stars were also quantified
using activation foils and nucl ear enul sions.

Necrotic retinal cells were swollen and had dense
nucl ei ; menbrane debris in w dely-scattered regions of
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the outer retinal |ayer was observed, especially in the
rods. Cccasional.  phagocytic activity in pignmented
epithelial cells was seen. Macrophages were not present
near damaged areas; but the rats were not sacrificed
until 25 days after landing. Findings fromflight
centrifuged and m crogravity-exposed rats were simlar
wth respect to retinal lesions. Necrotic |esions were
not observed in the ground control material

Cosnps 782

Simlar necrotic cells were observed in rats flown
at OXGon the 25 Novenber 1975 Cosnmobs 782 mssion (19.5
days in a 226 X405 km orbit at 62.8 degree inclination
with slightly higher fluence of HZE particles (4.05
particles/cm?eday) . One difference on this m ssion was
that a subset of animals was sacrificed several hours
after recovery and in these animls nacrophages were seen
near lesions. This was interpreted as evidence of passage
of HZE particles through retinal tissues wth the
formati on of microlesions; there was no evidence of a
gravity interaction [16].

4,3 Artificial Radiation Exposures

It is clear fromthe preceding section that delete-
rious radiation effects fromnatural exposures are very
rare and mitigate against interpretation of gravity
Interactions for practical reasons. A different strateﬂy
in performng such experinents is to orbit sanples in the
trapped proton belts to provide exposures of 1 - 5 Gy,
but this would require devel opnent of a dedicated
unmanned spacecraft. Alternatively, onboard sources of
radiation tfrom radi oi sotopes or. irradiation just before
or after flight could be used to determ ne whether flight
conditions, especially microgravity, nnd|fg radiobiologi-
cal responses. The latter strategies have been applied in
manned and unmanned spaceflights and are discussed in
this section.

4.3.1 The S4 Experinents on Gemini Il and Xl Using
Bl ood Cells and Fungi

~An inportant early experinment to address radiobio-
| ogi cal responses in human cells was conducted in 1965
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and 1966 on Gem ni spacecraft. The S4 experinent was
flown twce to detect possible interactions of mcro
ravity and radiation on human nucl eated bl ood cells
4,5]. On the second m ssion bread nold spores were al so
Included to provide independent confirmation of genetic
effects [6,8].

The Gemni |1l mssion (23 March 1965) consisted of
only three orbits (0.20 days, 32.5 degrees inclination,
perigee of 161 km and apogee of 224 km) and received 0.20
to 0.45 nGy radiation, measured with thernolum nescent
detectors (TLD) , degend|ng upon |ocation. The 2.97 day
Gemni XI mission (12 Septenmber 1966) flew in an ellipti-
cal orbit (29 degrees inclination, perigee of 159 km and
apogee of 298 km except for two orbits with an apogee
over Australia of 1370 km and a perigee of 298 kmtor a
rendezvous and docki ng naneuver ich took the spacecraft
briefly into the lower Van Allen proton belt. The tota
TLD dose was 0.23 to 0.39 nGy depending upon |ocation

Fresh bl ood sanples were placed into 3nm thick glass
chanmbers which astronauts could activate by moving them
to an irradiation area in the shielded flight hardware
where they were exposed to a series of doses of 0.7 Mev
B-particles from32P;, exposures ranged fromOto 1.74 Gy.
Single and nultiple break chronpbsone aberrations were
measured in | eukocytes held in the ¢, phase of their cel
cycle. Survival and nutations at the ad-3A and ad-3B | oc
were nmeasured in Neurospora conidial Spores in suspen-
sion, or held on millipore filters and irradiated 1Iike
the |eukocytes but at exposures up to 144 Gy. Al results
were conmpared with sinmultaneous ground control responses.
No di fferences between flight and ground sanples were
detected for nutation or survival in Neurospora irradiat-
ed on filters, or in |eukocytes exam ned for multibreak
aberrations. Differences between flight and ground
sanpl es for single break |eukocyte aberrations were

observed on Gemni |1l but were not seen again on Gem ni
X. It was suggested that sanpling error may explain the
earlier results. Differences in survival |evels and

nmutation rates for suspended fungal spores which were
metabolically active, unlike inactive filtered spores,
coul d be explained by anoxia. Thus, no obvious radiation
+ gravity Iinteraction was detected.
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4.3.2 Biosatellite Il. Mcroorgani sns, plants and
insects irradiated in orbit with ganma rays.

On Septenber 7, 1967 the unmanned Biosatellite ||
was |aunched into a 190 m circular orbit at 28.5 degrees
inclination for 45 hours, after which it was recovered
(one day earlier than planned) in mdair over the Pacific
ocean and its biological payload, consisting of mcro-
organi sms, plants, and insects, was sent to Hawaii for
analysis. Several of the radiobiological experinents
provi ded known doses of gamma rays to the specinmens in
orbit, prior to launch, and to matched ground controls to
detect the effect of gravity on radiation-induced genetic
and devel opnmental |esions. The radiation source was ¥sr
in a tungsten hol der which could be opened and closed by
ground conmand. The source had an activity of approxi-
mately 1.2 C and produced 0.513 Mev gamma rays measured
by thernol um nescent detectors. The findings provided
evidence for a nodifying effect of gravity on the radia-
tion effects. Environnental control was acceptable except
for fornal dehyde vapor (0.8 to 2 ppm), which exceeded the
design specification of 1 ppm and coul d conceivably have
contributed to nutagenesis, especially in the Drosophila
experi ment.

_ Experiment P-1135 investigated the induction of P22
virus production froma lysogenic strain of Sal nonella
typhimurium BS-5 (P22)/p22, and | anbda phage from E. coli
C-600 (lanbda)/lanbda [Mattoni, et al. In: 30]. Because
of early reentry of the satellite, only the Sal nonella
experinment could be perforned. Small aliquots of 120
cells/m in broth were placed near the ¥sr source and
received Oto 16.30 cy exposures. After flight, differ-
ences in cell density and growh rate were detected
between ground and flight sanples, and a slightly
I ncreased resistance to y-rays in the flight sanples was
observed. The critical measurenment of induced phage
production per viable cell imediately after recovery was
al so neasured. A 38 to 42% decrease in yield in the
flight sanples relative to ground controls which was
significant (P < 0.0ZP for doses of 2.65 and 6.45 gy and
at the p< 0.06 level for 16.30 Gy. Thus exposure to
m crogravity appears to show an antagonistic effect on
radi ation induction of phage.
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Experiment  P-1037 investigated mnutagenesis in
het er okaryon conidiospores of the bread nold, Neurospora
crassa [de serres, et al. In: 30] . Mutation at the ad-3A
and ad-3B | oci were neasured fron1stationa2¥ culture
cells filtered onto nitrocellulose filters under condi-
tions where they were netabolically inactive. The
conidiospores recelved exposures from 3.40 to 36.00 Gy in
space. No significant differences between flight and

round control cells were observed for point nutations or

or chronosome del etions. These results agree with those
of the previous S4 experinment on Gemni X for cells held
on filters. This is in contrast to the netabolically
active cell suspension cultures on Gem ni where an
antagoni stic effect of microgravity on nutagenesis was
measur ed.

Experiment P-1079 exam ned nutagenesis and genetic
reconbination in the parasitic wasp Habrobrachon
juglandis Ashmead = Bracon hebetor (Say) as a function of
v-ray dose [Von Borstel, et al. In: 30]. Young wasps were
placed in culture chanbers where they received 20.00 ¢y
just before launch or in-flight doses of 0.07 to 24.25
Gy. (Brine shrinp cysts and yeast cells were also f|own
in conjunction wth this ‘experinment but showed no
differences between flight and ground sanples for
devel opment and recombi nati on, respect|vely.) Anal ysi s of
sperm from XO mal es after recovery revealed no signifi-
cant difference between flight and ground sanples for
dom nant lethality, recessive lethality, or partial
sterility, but there was a slight increase in fertilizing
ability. A higher spontaneous rate of recessive lethality
was observed, but it was reproduced b% vibration on the
ground. oocytes from XX females in the first stage of
mei oti ¢ metaphase in flight showed a reduction in post
fertilization viability from0.89 - 0.93 to 0.49 - 0.56,
whereas other stages of oogenesis reveal ed no differences
except for a mpodest increase of fertility. This oocyte
effect correlated with its position in the spacecraft,
but not with radiation dose or mcrogravity, suggesting
that other stress such as vibration may have been
I nvol ved. No effect on reconbination in femal es was
observed between the |enmon, honey, and cantal oupe genes
on chromosome |. Two additional observations suggested
increased longevity of flight females, and disorientation
of males |eading to decreased mal e mati ng behavior in
flight, which were not affected by radiation. Thus |
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little or no interaction between microgravity and
radi ati on was observed with respect to production of
inherited genetic changes. Only a slight enhancenent of
sperm and egg fertility was detected.

Experiment P-1159 used Drosophila melanogaster
larvae, irradiated wth 8.32 Gy of ‘y-rays, to investigate
chromosomal alterations and nutation in germcells and
somatic tissues [oster. In: 30]. One strain of flies of
a specific genotype was used to detect alterations in
karyotype in cerebral ganglion cells of adults after
being Irradiated as arvae (P,generation). O her
strains, including Ring-X and multiply marked flies
enabl ed the detection of point nutations at the dunpy
| ocus, reconbination, alterations in sex ratio (X-linked
lethality), translocations, and non-disjunction or |o0ss
of chronobsonmes follow ng breakage in the F, through F
generations. The frequency of sex-linked lethals (0.71+0
.19% N= 1961 VS 0.35+0.14%, N = 1724) and reconbi nation
between X and Y chronobsones (0.55+0.17%, N = 2005 vs
0.2940.09%, N = 3412) was increased in flight sanples
when conpared with ground controls. A rare finding was
t he appearance of seven somatic translocations in the
flight flies both wwth and without radiation. Nornally
such events are very rare. This surprised the authors who
further noted that these translocations were not corre-
lated with radiation dose.

- Experinent P-1160 used both pupae and adult Droso-
phi | a melanogaster [Browning. In: 30]. Four types of
flies of conplex genotype were irradiated with 40.00 G
just before launch or with 14.32 Gy in orbit. First,
femal es were mated just prior to flight wth males of a
conpl ement ary genotyPe so that a honogeneous popul ation
of target sperm could be used to identif recessive
| ethal nutations and translocations (in the F, genera-
tion) and nondisjunction of the Y chronmosone (in the F,
generation). Second, males were used for matings postfli-
ght to detect induced reconbination in sperm (normally
absent) , as well as X chronpbsonme lethals and transloca-
tions. Third, young males were irradiated preflight and
allowed to mate during flight with conplenentany virgin
females to detect alterations in rejoining of broken
chronosones. Finally, |ate third instar |arvae and
prepupae were irradiated inflight, and nales were bred to
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femal es to detect X-linked recessive lethals.

Recessive lethal mutations in sperm were observed at
a slightly elevated frequency (P = 0.05) in flight
sanpl es over ground controls, but the difference was
mat ched by rates observed in ground controls which
recycled internal satellite gases. This inplicated an
effect from fornmal dehyde and glutaraldehyde fixatives
used in other experinents. No significant nutation
differences were observed at five visible loci (alp, bw,
st, y, and p’), or the loss of dom nant Y chronobsone
markers y and B. Several translocations were detected
fron1PupaI sanples and a slight elevation in recessive
| ethal nutation was seen in pre-irradi ated nmal es when
conpared to pooled controls, but control responses
suggested that vibration may have played a role. Taken
t oget her, these observations did not indicate significant
interaction between nicrogravity and radiation for
modi fyi ng chronosonme behavior or structure.

Experiment P-1039 utilized the flour Dbeetle,
Tribolium confusum Duval, to study a particular radia-
tion-induced syndrone of abnormal devel opnent [Buckhold,
et al., In: 30]. Danage to pupal cells in a well |ocal-
i zed region caused a msproliferation and deformation of
spi kes on the menbranous wings of the beetle which
prevented cl osure of the overlying elytra, a feature
easily nmeasured. Seven hundred twenty pupae were flown,
and they received either no dose or were preirradi ated
wth 13.50 gy of 180 kev X-rays to bring theminto the
appropriate dose range for the flight. ey were placed
into the spacecraft as 19 to 27 hr old pupae; half would
be shielded and half would be irradiated in orbit with an
additional 7.55 or 9.69 6y of vy-rays. The flight irradia-
tion significantly (P < 0.025) enhanced the incidence of
w ng abnornmalities of flown beetles (44.8*3.2% over
ground controls (29.9+3.0%) for pupae receiving approxi-
mately 23 Gy. However, After postflight vibration tests
and repetitions of ground control procedures, it was con-
cluded that variations in circadian rhythnms and vivarium
| ot differences, but not vibration effects, probably ac-
counted for these results. Thus , it appears again that
mcrogravity and radiation do not interact.

Experiment P-1123 used the radiation sensitive



23

Spi derwort plant, Tradescantia clone 02, to neasure
i nactivation of pollen, m crospore death, spi ndl e
defects, somatic nutation in heterozy?ous petal s and
stanmen hairs fromblue to pink or to colorless, as well
as stunting of stanen hair-s [8parrow, et al., In: 30].

Thirty two young plants bearing several flowers each were
obtained from axillary cuttings and rooted. They were
placed in nutrient tubes, irradiated with 2.23 Gy in
orbit, and exam ned postflight. Tradescantia is ver¥
sensitive to radiation and showed hi gh frequencies o

radi ation-induced changes. Pollen abortion occurred at
66% in irradiated flight sanples versus 48%in ground
controls. Unirradiated flight and ground sanples had a
spont aneous pol | en abortion incidence of 37 to 39% (this
high rate is normal for clone 02). Stunting of stanen
harrs occurred at 26.6% for flight irradiated plants
versus 12. 9% for ground controls; unirradiated plants had
10.1 to 10.5% spontaneous abortion rates. These
responses, as well as altered nuclei and m crospore
death, showed clear synergism between radiation and
mcrogravity. By contrast, hair color nutation was
clearly antagonized in mcrogravity with flight ir-
radi ated sanpl es showing a 4.4% i nci dence when conpared
with a ground control rate of 7.3% Unirradiated sanples
had spontaneous nutation rates of 0.2 to 0.3%

4,3*%3 Cosnps 605 and Cosnobs 690 Matched Flights with
Rats + Gamma Irradiation

The nost direct manmal i an experinent to date which

i nvestigated the potential interaction of radiation and
mcrogravity was performed with male Wstar rats on two
Soviet satellites, Cosmos 605 and Cosnps 690 {17L25]. The
rats were individually housed in cylindrical wre mesh
cages 20 cmlong by 10 cmin dianeter and were fed
elleted food (carrots and beets). Cosnos 605 was
aunched on 31 COctober 1973 (21.5 days, 62.8 degrees
inclination, 214 km perigee ahd 424 km apogee) and
orbited 27 rats which served as a mcrogravity control
wth only Iow dose radiation exposure from the natura
environnment. Cosnmobs 690 was |aunched on 22 COctober 1974
and orbited 15 rats (20.5 days, a simlar orbit of 62.9
degrees inclination, 223 km perigee and 389 km apogee).
[t included a 320438 Curie "cs 0.661 Mev gamma radiation
source which provided an 8 Gy exposure over 24 hours
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beginning on flight day 10. Filtering of the source,
contained in a tungsten sphere with a collimation cone
opening, provided a uniform exposure *10%. Sinultaneous
round control studies using rats fromthe sane vivarium
ots rats were conducted for both mssions. Mst analyses
were histological or bionetric, but some enzymatic and
transplantation studies were perforned. st organ
systens were studied for alterations due to microgravity
or radiation exposure. It was concluded that radiation
and microgravity conbined |led to decreased recovery rates
for various reversible alterations induced by micro-
gravity, but there were no significant effects on the
devel opnent of radiation-induced |esions. The results
for selected organ systens are summarized as foll ows:

Testes: Examnations of testes from both Cosnos
flights and ground control rats denonstrated no effects
of microgravity. The pattern of spermatogenesis, frequen-
cy of internediate cell types for ganetes, and the
histol ogy of semniferous tubule conponents was unaffect-
ed. Testes weight decrease in irradiated animals was the
most dramatic effect, but it was unaffected by micro-
gravity.

Hematopoietic system Bone marrow and |ynph organs
of Cosnmpbs 605 rats showed “a slight inhibition of ery-
thropoiesis in bone nmarrow and spleen, significant invo-
lution of the thymus, nmarked hypoplasia of |ynph tissue
of the spleen and, to a smaller extent, |ynph nodes"
[25] due nostly to reduction of |ynphocyte popul ations.
The sane responses were affected by irradiation. Hi sto-
| ogi cal exam nations of bone marrow of Cosnos 690 flight
and sinulation rats on

. . the second post-experinental day (12th post-radia-
tion day) reveal ed well devel oped aplasia with discrete
foci of hemopojesis. _The_ attern of hermp0| etic changes
was typical Of radiation 1nduced bone marrow lesions.
However, an exposure of animals to weightlessness
influenced the after effect; on the 27th postflight day
(37th peat-radi ation day) the recoveryof the hemopoiet-
ic tissue was del ayed conpared with that in ground-based
sinmul ati on rats. Thus, bone marrow showed radiation-
i nduced changes, and weightlessness affected the course
of reparative processes In bone marrow [25].
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Hemat opoi etic potential was also examned b
transPIantat|on of marrow cells to spleens and marrow o
lethally irradiated recipients (colony formation assays) .
Cosnmps 690 and control rats showed a reduction to 13-17%
of normal potential for the crFu-spleen test, and to 40-
50% for the cFu-marrow test as expected for the 8 G
exposure. In spite of the dimnished nunber of stem cells
in bone marrow of flight rats, their differentiation
pattern did not change. The Cosmps 690 animals showed a
trend for enhanced erythroid potencies of stemcells
traniflanted to marrow which may be explained by the nore
rapid recovery of the erythroid precursor popul ation
known to follow irradiation. Thus the qualitative aspects
of the recovery nmay be slightly affected by the conbina-
tion of mcrogravity and radiation

Central Nervous System There were no effects from
any of the treatnments except some "morphological signs of
enhanced functional activity” in the hypothal anus and
p|tU|targ of Cosnps 605 animals which was absent in
Cosnmps 690 rats [25] suggesting a small nodifying influ-
ence of radiation.

~ Heart, Liver and Kidneys: Cosnps 690 specinens
exhibited changes in four cardiac enzyme |evels consis-
tent wth an alteration in carbohydrate netabolism and
stimulation of lipid utilization pathways. Sonme lipid
accumul ation was noted in the liver along with sone
pol ymor phism in hepatocyte nuclei. Cosnmbs 605 rats showed
no 'such changes, and the kidneys were unaffected in
animals from both flight.

Miscle: Muscle mass loss in hind linbs was a feature
of all flight animals, and |actate dehydrogenase isozyme
| evel s showed variations. "Inflight irradiation aggravat-
ed weightl essness-induced changes in skeletal muscles and
led to a delay in reparative processes and inconplete
structural restoration of muscles” post flight [25]. This
effect was |ocalized in nuscles showi ng microgravity-
i nduced pathol ogies and is probably a consequence of
sl owed connective tissue resorption during recovery
which, in turn, delays myofibril regeneration.

_ Thus, responses of tissues sensitive to micrograv-
ity, radiation, or both, were obtained and one unifying
concept energed: recovery from a pathol ogical condition
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i nduced by either radiation or microgravity may be
del ayed by the presence of the other environnental
factor. Data from hematopoietic tissue are probably the
most significant.

4.3.4 Cosnbs 368 Experiments with M croorgani sns
Irradiated on the Gound

The Cosnps 368 satellite was |aunched 8 Cctober 1970
for 6.0 days in a 411 X 211 kmorbit at 65 degrees
inclination. A variety of mcroorganisns and plant seeds
were studied for any potential interaction between
radiation and mcrogravity [32]. Sanples were irradiated
with a series of doses of gamma rays either imediately
before or imediately after flight and results were
conpared with those fromground controls. Doses to 1,600
Gy were enployed. Diploid and haploid yeast in suspension
or on agar showed no obvious effects of mcrogravity with
respect to colony formation or growth after one to four
generations. Simlarly, the hydrogen bacteria Hydrogen-
omonas eutrophus (now classified as Alcaligenes) in
suspension showed no perturbations with respect to
plating. Air-dried chick pea and |lettuce seeds were
scored for chronmosone aberrations and neiotic defects
(anaphase bridges) with no obvious interference from
mcrogravity. Only a slight difference in rootlet growth
?nd catalase | evels could be ascribed to spaceflight

actors.

4.3.5 Preirradiation of DNA repair deficient yeast
fl owmn on spacelab, STS-42.

_ The design of this Biorack experinent was to pre-
irradiate yeast cells with a series of known radiation
doses, incubate them for one week wth and w thout
gravity to allow repair, and observe recovery from radia-
tion-induced dana%e from measurenents of col ony form ng
ability [26]. Saccharomyces cerevisae cells in stationary
phase were filtered onto a nonol ayer at 5X10°/cm’and hel d
on sugPort|ng agar blocks. They were irradiated preflight
with X-rays at five doses fromOto 1.40 Gy and held at
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4 degrees C for transport, launch, and recovery. In
flight, the yeast were placed in Biorack incubators at 22
and 36 degrees C for seven days. Matched cultures were
I ncubated in the ground control (1XG) Biorack. The strain
used bore a tenperature sensitive allele of the radiation
sensitive nutation (rad-54-3) which is defective in
repair of DNA double strand breaks at the restrictive
t enperature (36°c), but has normal repair at the perms-
sive tenperature (22°c) . Measurenments of colony formn

ability versus dose showed that the survival fraction o

flight sanples incubated at the perm ssive tenperature
was approximately two-fold |ower than ground sanpl es
whi ch were independent of dose. Restrictively grown cells
were insensitive to gravity and did not repair their Xx-
ray induced damage; these cells served as a control for
unexpected effects of spaceflight.

The conclusion was that the repair pathway for
radi ation-induced DNA double strand breaks is sensitive
to gravity levels. These results are inportant for two
reasons. First, a biochemcal pathway was identified in
a eukaryote which is affected by gravity; this could help
to identify a mechanism at the nol ecular level. Second,
they show that mcrogravity effects may be manifested at
the level of single independent cells under conditions
where external environnmental effects (e.g., convection
nEdjate% mass transport of oxygen or nutrients) were
m ni m zed.

5.0 Possible Mechanisms for Mcrogravity and Radiation
I nteraction.

There is no substantive influence of gravity on the
physi cal deposition of energ% in biological targets. This
process is over in less than a picosecond tor heav
charged particles, and the relative magnitudes o
el ectrostatic or nuclear forces to gravity are enornous.
Once ionizations are produced in a target, however ,
chem cal reactions (e.g., free radical attacks) ensue
whose rates are limted by diffusion and convective
mxing [19]. It is these chem cal processes that are
susceptible to gravitational influences. Though intracel-
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lular convection may be overwhel med by specific transport
mechani sns and the cytoskel eton, convective mxing In
suspended cells is critical for exchange of oxygen,
carbon dioxide, and nutrients which regulate ‘their
met abol i sm

Damage to biol ogi cal nacronol ecul es can be repaired
by enzynme conplexes whose expression can be induced by
radi ati on exposure, hypertherm a, anoxia or exposure to
heavy netals; Exanpl'es are the so-called SOS response
(coordinated recA and lexA nedi ated gene expression
phenonenon) in bacteria and the heat shock (stress
Qrotein I nduction) responses innmost organisns [9, 19, 21].
he repair often requires ATP and is therefore tied to
the netabolic state of the affected cells.

Direct control of repair gene expression is also
likely. Results froma recent MASER soundi ng rocket
experiment with human epithelial cells indicated that
microgravity coul d alter the expression of protooncogenes
c-fos and c-jun, which act to regulate cell proliferation
and differentiation [7]. cogoli et al. (cf. oGmiinder and
cogoli, this volune) have also shown that differentiation
and proliferation of imune cells are rapidly nodul ated
by exposure to microgravity. Many of the enzyres involved
in the synthesis of new during cell proliferation
have repair roles as well [9,19]; so repair capacity may
wel | be coupled to these functions. The findings of Press
et al. [26] may represent a first step in identifying the
nature of gravity's action on a DNA repair pathway for
doubl e strand breaks in yeast.

A variety of fluid redistribution effects and
hornmonal responses occur in mcrogravity (cf. this
handbook) which may, in turn, influence, cellular damage
I nduction and repair systems directly, or by controlling
the state of oxygenation and hydration of tissues.
Another indirect effect of mcrogravity may occur through
modi fication of circadian rhythns. di osensitivity of
intestinal crypt cells and bone marrow cells follows a
circadian rhythm[15,33]. These responses are thought to
reflect entrainment of cell cycles with diurnal rhythmns;
radi o-sensitivity correlates with the cell cycle and the
corresponding state of DNA which is |ess protected by
proteins fromfree radical attack during replication.
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Thus, a variety of direct and indirect effects of gravity
unl oading could, in theory, nodify cellular radiosensi-
tivity and repair.

6.0 Summary and Concl usi ons.

A variety of experinental approaches has been used
to address the effects of radiation in space. Mny
investigators have attenpted to capture rare cosmc ray
interactions in situ, whereas others have enpl oyed
standardi zed sources of |ow LET gamma rays and el ectrons
(Beta particles) and have varied the gravity levels
sxstenaticaILy. Al research teans have had to adjust to
the frustrating constraints of spaceflight experinenta-
tion, which inpose limts on protocols that woul d be
unacceptable to | aboratory workers on the ground. In
spite of these constraints, the efficacy of space radia-
tion to induce genetic and devel opnental |esions has been
denonstrated clearly. Further, there are statistically
significant and reproducible differences in the incidence
or severity of radiation-induced |esions as a function of
gravity.

Several unifying trends energe. First, the magni-
tude of mcrogravity effects on radiobiological endpoints
is small and al nost never exceeds a 2-fold difference
either higher or lower than controls. Second, netaboli-
cally actrve or devel oping systens are nuch nore |i kel
to be affected than inactive systens. The process 0
devel opment, may anplify small differences in enbryonic
tissues into large observable differences in the morphol-
ogy of older organisms. Third, the direction and nag-
nitude of radiation or mcrogravity effects was specific
to the biological feature or response nmeasured
(endpoint?, even when two endpoints were neasured in the
sane sanple; e.g., reduction of nmutation and enhancenent
of pollen abortion in Tradescantia. Fourth, radiation and
mcrogravity effects are stage specific in devel opi ng
cellular systems. Thus, nonspecific effects on all cells
are not seen at all tines. Finall¥, t hose genetic
| esions which seem nost likely to be affected are those
exhi biting chromosomal breakage. This in turn suggests a
role for cytoskeletal elements in conferring mcrogravity
sensitivity as these protein conplexes are required to
nove and align chronosones and enzynes which ligate
broken strands. Many of these processes require ATP;
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I nappropriate shunting of energy into different cellular
conPartnents, as a consequence of gravity-unloading,
coul d al so explain sone of the phenomena. To understand
the nechanisnms of these interactions, nore carefully
controll ed experinments are needed which enpl oy suffi -
ciently large statistical sanples and precisely defined
endpoi nt s.
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. Natural refers to cosmic ray and proton environment of particular

m ssion as attenuated by spacecraft materials. Artificial refers to
radi oi sotope or X-ray exposure superposed on natural environment.

Interaction of radiation and mcrogravity. +, - & Orefer to enhancenent
of effect, antagonism of effect or no interaction, respectively.

¢ Ray tracing indicates that individual cosmc ray tracks were correl ated
with biological targets. _ o o
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