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DEDICATION

These Proceedings are dedicated to Rodolfo Margaria, who has retired from
the Commission during the past year. He is Professor Emeritus of the Istituto di
Fisiologia Umana, University of Milano, Italy.

Professor Margaria is memorable for his many contributions to the world
both in science and in international cooperation toward the preservation and
expansion of human values.

A cosmopolitan in science, Margaria travelled widely, and made scientific
contributions in many of the major physiology laboratories of the world. Each
place he visited produced a shower of valuable contributions, with Margaria
frequently a co-author.

A patriot of his native Italy, Margaria served in the resistance movement in
World War II, entered politics briefly thereafter, and has continued to work for
the broad development of Italian science.

A non-conformist in personal behavior, Margaria has continued to stimulate
those around him by his refreshing approach to life. Oggi magazine, in which
Margaria authored several popular articles on scientific subjects including
gravitational physiology, published a biographical vignette "Margaria il non-
conformista.”

Gravitational physiology, along with other branches of physiology and
science in general, has been a beneficiary of the genius of Rodolfo Margaria. On
the basis of a masterly analysis of the mechanics of human locomotion, he and
his colleague G. A. Cavagna were able to predict with dramatic success the
difficulties of normal walking and running, as well as the efficacy of jump
progression, in lunar subgravity five years before the first Astronaut landing on
the Moon (R. Margaria and G. A. Cavagna, Human locomotion in subgravity,
Aerospace Medicine, 35: 1140-1146, 1964).

Margaria served with distinction as an IUPS Council member and as IUPS
representdative to COSPAR from 1965 to 1974. He was instrumental in the
formation of this Commission in 1974.

On behalf of gravitational physiologists, Grazie, Professor Margaria.



PROCEEDINGS OF THE SECOND ANNUAL MEETING

OF THE IUPS COMMISSION ON GRAVITATIONAL PHYSIOLOGY

JULY 13-19, 1980

BUDAPEST, HUNGARY

The Second Annual Meeting of the Commission on Gravitational Physiology
of the International Union of Physiological Sciences was held during the XXVII
International Congress of Physiological Sciences in Budapest, Hungary, July
13-19, 1980. The activities included a two-day symposium of 24 invited papers
which dealt largely with findings from experiments performed during the Joint
USSR/USA Biosatellite Mission on Kosmos 1129, flown September 25-October
14, 1979. Two days of open sessions were also held in which 34 contributed
papers were presented.

The following pages are presented as the Proceedings of the meeting by
arrangement with the American Physiological Society. In the interests of
timeliness and economy they are published without editorial review. Financial
support for the preparation of the Proceedings was generously provided by the
USA National Aeronautics and Space Administration. We also should like to
express appreciation to the Hungarian Organizing Committee of the Congress for
their kind cooperation and provision of excellent facilities for the meeting.

The Third Annual Meeting of the IUPS Commission on Gravitational
Physiology will be held in Innsbruck, Austria on September 30-October 2, 1981 in
conjunction with a regional meeting of the German and Austrian Physiological
Societies, at their gracious invitation. A one-day symposium of invited papers is
being planned, as well as open sessions for contributed papers dealing with the
effects on physiological systems of humans, animals and plants of changes in
magnitude or direction of the force environment. Included are the effects of the
weightlessness of space flight, of acute and chronic acceleration, of vibration,
and of the various forms of simulated weightlessness. Also included is
consideration of the role of gravity in the manifestation of scale effects in
animals and plants. A welcome to participate is extended to all interested
scientists.
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REMARKS ON PRESENT STATUS OF GRAVITATIONAL PHYSIOLOGY

H. Bjurstedt
Chairman, IUPS Commission on Gravitational Physiology

Department of Environmental Physiology
Karolinska Institutet, Stockholm, Sweden

This Symposium is organized as part of
the Second Annual Meeting of the Commission
on Gravitational Physiology. It deals with
the physiological significance of gravity,
perhaps the most familiar of all environ-
mental forces. The main theme of the Sym-
posium, which is organized in three parts
is the results from the recent Cosmos 1129
joint USSR/USA spaceflight experiments.

Before turning to the problems to be
discussed here, it may be of interest to
give some brief historical notes concerning
the role of gravitational physiology as a
science and its position within the scien-
tific activities of IUPS. Speculation on
the significance of gravitation has a long
history, but it was not until the nineteenth
century that the appreciation of its bio-
logical effects began to develop. Early
examples of recognized overt effects of
gravity on organisms were the geotropism
of plants, and man's circulatory responses
to changes in gravitational vectors. Dur-
ing the first decades of our century, an
impetus to research was given by the advent
of high-performance aircraft. Interest in
the physiological effects of increased
gravitational stress developed rapidly, and
human and animal centrifuge experimentation
started in earnest about 50 years ago in
order to investigate the physiology and
pathophysiology produced by extreme force
environments.

The constancy of the force of gravity
on earth, and our long-standing inability
to adequately simulate or produce a gravity-
free environment for any significant dura-
tion, not only prevented systematic studies
of gravity's influence on living matter; in
fact, guestions concerning the biological
role of gravity in life processes rarely
entered the conceptual world of biologists
and medical scientists. The situation was,
of course, radically changed with the ad-
vent of weightless space flight, and the
newly found access to the 'gravity-free'
state and the possibility of manipulation
of the G factor from its norm of 1 down to
zero suddenly offered rich opportunities
for basic research into vital functions in
organisms of varying complexity. Thus,
with the new and significant extension of
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the G spectrum available for experimental
study, gravitational physiology as a sci-
ence was given a proper foundation.

Our current state of knowledge con-
cerning the biological effects of the re-
moval of effective gravity derives largely
from experiments carried out in space over
the last two decades, notably those con-
ducted in the American Skylab and the
Soviet Cosmos Biosatellite and Salyut
series. With the recent development of
the Shuttle/Spacelab system, Western Europe
is now entering a phase in the peaceful use
of space that calls for greater readiness
on the part of its bioscience community to
reap the potential benefits that space tech
nology is soon to offer. Involvement of
investigators not previously committed to
work in the space environment is welcomed
as of vital importance. New hypotheses and
methods in gravitational physiology will be
advanced and tested effectively only as
long as the connection with the mainstream
of bioscience research is preserved and
developed.

As we moved into the Space Age, it
seemed most important that international
cooperation was maintained in related areas
of the life sciences. This was the basic
philosophy in the establishment of the ICSU
Committee on Space Research (COSPAR). It
is only natural that IUPS played a most im-
portant role in maintaining the interna-
tional character of gravitational physiol-
ogy. During the 1950's and 1960's, when
new frontiers in space were in the offing,
several symposia in space physiology were
organized within the framework of IUPS con-
gresses, and at this time weightlessness
was the great unknown factor as it still
continues to be in many important respects.
IUPS became one of the original adhering
organizations in COSPAR from its start. At
this time W.O. Fenn, later Secretary-Gen-
eral and President of IUPS, became a great
spokesman for space biology and medicine,
and was the IUPS representative for the
first COSPAR meetings. In the early 1970's,
the emergence of gravitational physiology
as a viable major discipline had proceeded
sufficiently to merit consideration of the
formation of a Commission by IUPS. Accord-
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ingly, at the instigation of R. Margaria,
N. Pace, and H. Rahn, the Commission on
Gravitational Physiology was established in
1974 with H. Bjurstedt as Chairman, and O.
Gauer, O. Gazenko, R. Margaria, N. Pace, H.
Saiki, and A.H. Smith as Members.

The Commission now consists of 10 mem-
bers representing human and mammalian phy-
siology and disciplines concerned with the
physiology of plants and with cell and
developmental biology. A brief review of
the areas of research opportunity encom-
passed by the activities of the Commission
shows that of the problems that have so far
aroused interest, many involve fundamental
issues in physiology. Relevant topics in-
clude the effects on physiological systems
of humans, animals, plants and cells of
changes in magnitude or direction of the
force environment, such as in acute and
chronic centrifugal acceleration, in the
weightlessness of space flight, and in vi-
bration. Important basic problems are con-
cerned with the manifestation of gravita-
tional scale effects in animals and plants
with respect to weight, shape and energy
requirement. Simulation techniques are
widely employed in gravitational physiology
to study certain responses to earth's grav-
ity, on one hand, and to the absence of
effective gravity on the other. Thus, in
the case of man's physiology, the use of
lower body negative pressure often replaces
the tilt table in ground-based research.
Other examples are the use of long-term bed
rest and immobilization, water immersion,
and lower body positive pressure to study
certain cardiovascular and metabolic re-
sponses to weightlessness by sophisticated
methods not readily available or applicable
in current space laboratories.

In the following, I will restrict my-
self to just a few basic questions concern-
ing the physiological role of gravity which
may aid in evaluating the papers of this
Symposium and place them in perspective.

It should be made clear, that the selection
and order of these questions have no bear-
ing on their relative scientific signifi-
cance.

Can man truly adapt to a change in the
force of gravity? Chronic exposure of man
to the weightless environment makes it pos-
sible to search for and analyze factors
which are normally masked in earth's gravi-
tational field. 1In the case of the circu-
lation, the observation of a massive shift
of blood volume into the upper regions of
the low-pressure system raises the guestion,
not yet satisfactorily answered, whether
chronic engorgement of the thorax and heart
may, perhaps also by reflex actions on
renal, electrolyte and endocrine functions,
eventually lead to irreversible pathophys-
iological changes. The suspicion that a
true adaptation to long-term weightlessness
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cannot be attained is reflected in futur-
istic notions of revolving space stations
in which centrifugal force replaces earth's
gravity, wholly or in part. Continued
studies are needed to reveal the nature,
sequence and interdependence of changes in
cardiovascular, renal and electrolyte, endo-
crine and sensory functions. Although
ground-based simulation models must be
fully exploited, essential aspects require
sequential measurements with sophisticated
techniques in the space environment. The
results of such studies in man as well as
in carefully selected animals will enhance
our understanding of the physiology of
health and disease on earth.

What is the nature of the disturbances
in bone and mineral metabolism that occur
in prolonged exposure to weightlessness?

It has long been recognized that such expo-
sure produced continuous loss of bone cal-
cium; thus, demineralization and associated
bone brittleness represents a threat to the
conduction of extended space missions. At-
tempts to alleviate the problem by dietary
measures have so far not been successful.
How does gravity intervene in the develop-
ment of bone, tendon and muscle tissue?
Mechanical stress is known to strongly af-
fect the orientation of bone tissue which
gains or loses substance according to di-
rection of the stress. In every-day life
on earth, gravity normally provides the
major portion of the mechanical stimulus
responsible for the development of bone
tissue. In the weightless environment,
loss of calcium, reduced rate of bone
growth and increased resorption may be re-
lated to bone atrophy due to disuse; on the
other hand, even a rigorous schedule of
muscular exercise does not retard calcium
excretion significantly. Furthermore, min-
eral deficit has been observed in mammalian
skeletal elements that are not of the
weight-bearing type. Continued research is
required to study the extent to which dis-
turbances in intestinal calcium absorption
affects the overall picture of calcium
metabolism in weightlessness. On the cel-
lular level, the availability of in vitro
cultures of isolated bone and skeletal mus-
cle cells will continue to provide a possi-
bility for analyzing in detail how bone and
muscle formation, destruction and regenera-
tion are affected by the weightless envi-
ronment.

How does the absence of effective
gravity affect the development of gravity-
sensing organs and mechanisms? These are
at the apex of a hierarchy of neurones that
control balance, posture and locomotion.
The problem requires continued study in
e.g. small mammals reared in the zero-G en-
vironment from the time of conception. If
disturbances are observed on return to
earth, will these be mainly functional or
will there also be defects in the neuro-



anatomical development? If postnatal mal-
function should occur, the animal may, or
may not, be able to learn by experience
the appropriate movement patterns, loco-
motor orientation, etc., which in turn
might shed some new light on the old issue
of heredity versus learning.

Gravity influences the design (weight,
shape and energy requirement) of terres-
trial animals, organic form and metabolism
being adapted to body size. What is the
relative importance of gravity and genetic
factors in such adaptations? By removing
animals and plants from the gravitational
stimulus, it has now become possible to
study the role of gravity in the manifesta-
tion of scale effects, e.g. in the relative
mass of various body components.

To what extent and how does gravity
affect the development, function and growth
of cells? A presumed gravity-sensitive
property is reflected in the degree of po-
larity of the cell. The spatial organiza-
tion of constituents in plant cells is a
classical example of gravity-sensitive po-
larity. Recent developments in methodology
with regard to the maintenance and growth
of embryonic and fetal tissues in artifi-
cial environments have made the very early
stages of mammalian development accessible
to direct observation and experimentation.
Of special interest is the possibility that
gravitational forces might modify the mor-
phogenetic pattern in its earliest and most
fundamental manifestations, such as polar-
ity and bilateral symmetry. Gravity may be
necessary for normal function in certain
specialized cells. An example is the lym-
phocytes which are responsible for the im-
mune response. There are indications that
lymphocytes show lower reactivity toward
mitogens after exposure to weightlessness,
or other space-flight factors, and contin-
ued in vitro experiments in space are there-
fore required to study this problem and to
evaluate its significance for man in space.

S-6



ASPECTS OF CARDIOVASCULAR ADAPTATION TO GRAVITATIONAL STRESSES

F. Bonde-Petersen, N.J. Christensen, O. Henriksen, Bodil Nielsen, Connie Nielsen,
P. Norsk, L.B. Rowell, Tomoko Sadimoto, Gisela Sjggaard, K. Skagen and Y. Suzuki

Laboratory for human physiology, August Krogh Institute,
Universitetsparken 13, University of Copenhagen, DK-2100
Copenhagen, Denmark

INTRODUCTION

Most of the literature concerning gravita-
tional stresses in man describes the con-
ditions during rest. In our laboratory we,
therefore, thought it of interest to inve-
stigate the conditions of gravitational
stresses during exercise, both dynamic and
static.

MATERIAL AND METHODS

Only healthy young male subjects were inve-
stigated. In a preliminary study we com-
pared the use of freon and acetylene simul-
taneously as the soluble inert gas in a re-
breathing technique for measuring cardiac
output (CO) during rest and exercise (Trie-
bwasser et al 1977, Bonde-Petersen et al
1980) Argon (Ar) was used in the rebrea-
thing system to track incomplete mixing and
system volume (lung-plus rebreathing bag
volume). We concluded that freon can re-
place acetylene as the soluble gas, and
that the rebreathing method gives reliable
results provided that the subject is not
hyperventilating. Especially during low
values for CO, as during rest and light ex-
ercise, it was demonstrated that hyperven-
tilation during the rebreathing period
caused a mean increase in CO of up to 50%.
We recommend that a spontaneous rebrea-
thing rate be used. Another aspect of this
study was that it makes possible studies of
CO during space flights, because freon,
unlike acetylene, is non-explosive and non
-toxic. Further, freon is already applied
in space crafts as a cooling liquid.

The following parameters were measured in
the studies reported below: CO using either
acetylene or freon-22 as the inert soluble
gas and Ar as the inert non-soluble gas.
The rebreathing bag was continually ana-
lyzed for gas fractions on a mass spectro-
meter (Centronic MGA200). Further we mea-
sured mean arterial blood pressure (MAP,
arm cuff), heart rate (HR, ECG), total
peripheral resistance (TPR=MAP/CO), fore-
arm blood flow (FBF, venous occlusion ple-
thysmography), forearm vascular resistance
(FVR=MAP/FBF), skin blood flow (133-Xe
clearance), systolic time intervals (STI),
and blood volume (RHISA 131-J). Blood samp-
les were further drawn for analyses of Hct,
Hb, proteins and colloid osmotic pressure.
Inulin space was measured during 3-H-inulin
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infusion and muscle biopsies obtained for
measurements of intra-and extra cellular
water space according to Sjggaard (1979).
Dynamic exercise was performed on either
of two frictionally braked bicycle ergome-
ters (Monarch, Sweden) one of which was
adapted to under water exercise. Oxygen
consumption rate was measured during stea-
dy state exercise to make possible a com-
parison between the different conditions
under which the subjects exercised. A le-
vel of 2 litres of 0,/min was chosen. When
isometric exercise was performed a strain-
gauge dynamometer for handgrip was used,
and the strength of contraction was held
by the subject by visual feed back on a
level of 40% maximal voluntary contraction
(MvC) .

PROCEDURES

A tilt table was used for short term (2h)
and a tilt bed for long term (6h) investi-
gations during either head up (+5 and +259)
horizontal (0°) or head down (-5 and -25°)
bedrest (BR). Increased above l-g condi-
tions were simulated by lower body negative
pressure (LBNP), and low gravity by -5© BR.
For comparison also 0° and +5° BR were per-
formed as well as the steeper inclinations
of 250. Low gravity was also simulated by
lower body positive pressure (LBPP, pres-
sure suit) or water immersion. Heat load
was induced in an environmental chamber.
During water immersion the temperature was
kept thermoneutral at 35°C, and for compa-
rison exercise was also performed having
the subjects waring a water perfused gar-
ment kept at 35°C.

In the present review of the different
activities in our laboratory over the past
two years some of the results from 5 proto-
cols (I-V) shall be mentioned briefly fol-
lowed by a short discussion.

Protocol I: Six hours head out water im-
mersion (HOWI), +5° BR and -5© BR were com-
pared in 4 subjects. After an overnight’s
sleep at the laboratory basal values were
measured between 7 and 9 AM. After a short
period of ambulation and a light breakfast
the subjects were submitted to either of
the three experimental conditions.

Protocol II: Local regulation of subcu-
taneous blood flow in the forearm was stu-
died at the wrist by the local 133-Xe wash



-out technique (Kety 1949, Lassen et al
1964). The local response to increased or
decreased transmural pressure (arm elevat-
ed above or lowered below heart level in
the supine position) was studied in 7 sub-
jects with and without LBNP.

Protocol III: Bicycle exercise in the
upright position was studied in 8 subjects
working at 50% of their maximal oxygen con-
sumption rate or at 2-2.2 1/min. The con-
ditions were: 259C air, 45°C air, 35°C wa-
ter perfused garment (suit) and 35°C water
immersion to the xiphoid level (XLWI).

Protocol IV: Isometric exercise (hand
grip for 2 min at 40% MVC) was performed
after 2 h adaptation to XLWI, and after 20
min adaptation to either 00, +250 or -250
BR in 5 subjects.

Protocol V: Intermittent bicycle exercise
(12 min exercise, 8 min rest periods) was
performed by 3 subjects in the reclining
position at 55% Vg, max. The experiment was
continued for 120 min either with the cir-
culation free (control) or with the circu-
culation intermittently occluded during the
8 min rest periods. These results were com-
pared with the condition when a pressure
suit inflated to 40 mmHg was decreasing the
pressure head in both legs during the en-
tire 120 min experimental run.

RESULTS

Protocol I: During the first hour there was
a tendency for CO during HOWI and -5° BR to
be increased above that at +5° and the ba-
sal values (Fig. 1) but after 2 h basal
values were reached. Lung tissue volume
(LTV) calculated by extrapolation to time
zero for the clearance curves during re-
breathing was at first increased during -5°
BR and HOWI but also recovered during the
first 2 hours. However, as expected, HOWI
had the greater effect on LTV (Fig. 2). No
significant differences were found in MAP
between the three conditions but a slight
increase from ca 95 to 100-105 mmHg was
seen. The most striking difference was ob-
served in FBF and FVR. During HOWI FBF im-
mediately went up from 20 to 40-60 ml/min
/1 paralleled by a decrease in FVR. During
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-50 BR the same values were gradually ob-
tained after 6 hours, while +5° had no ef-
fect upon FBF or FVR. Volume of legs (8.1
litre below the knees) decreased by 3.6%
and 0.7% after HOWI and -5° BR respective-
ly and increased by 0.8% after +5° BR.
These kolume changes were probably due to
changes in skin volume, because no changes
in intra-or extra cellular muscle water was
seen (Sjggaard and Bonde-Petersen 1980)

Protocol II: LBNP induced a decrease in
skin blood flow which could be blocked by
proximal nervous blockade (Skagen et al
1980) . Lowering the arm decreased flow and
increased resistance (Fig. 3 first columns)
but this reflex (Henriksen 1977) was absent
during LBNP (Fig 3 second columns) but re-
appeared if a proximal conduction anaesthe-
sia was applied (Fig. 3 third set of colu-
mns). Even if LBNP lowered skin blood flow

1

[:]tonlrm arm

14 E

LBNP mmHg:

Proximal ner-
vous blockade: — - +

Mean fiest/ fref
s

05}

Mean Ryesi/Rref

Fig. 3. Protocol II, relative changes of
mean skin flows (f) and resistance (r) du-
ring lowering of test arm
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it was still possible to demonstrate that
autoregulation existed during arm elevation.

Protocol III: During exercise CO was
highest in XLWI and even higher than 45°%
air (Fig. 4). Increasing temperature from
25 to 45°C in air, and increasing central
venous filling pressure by water immersion
at 35°C skin temperature produced similar
increments. Stroke volume was highest in
XLWI and lowest during heat stress (Fig.
FBF increased to higher levels at end of
exercise during XLWI (from 65 at rest to
250 ml/min/1 at 40 min) while FBF levelled
off during heat stress (at 190 ml/min/1).

Protocol IV: Isometric sustained handgrip
for 2 min has a profound effect upon the
cardiovascular system: CO, HR, TPR and MAP
increase while SV decreases. Locally in
the forearm, however, FBF increases due to
a decreased FVR. Only the magnitude and
not the direction of these changes were
affected by the tilt and immersion condi-
tions applied. If anything, the changes
during XLWI were the most pronounced in ab-
solute terms, but expressed in per cent
changes the greatest increments in CO, FBF
and FVR were seen during isometric exercise
during +257BR.

Protocol V: Increments in MAP were high-
est and in FBF lowest during exercise with
LBPP, while occluded recovery induced the
reverse effects (peripheral vasodilatation
enhanced during exercise). During the re-
covery periods MAP was increased in face of
a pronounced decrease in FVR probably be-
cause the dilated vascular beds in the legs
were excluded from the circulation. CO
tended to recover more slowly during
occluded recovery. Vo, was higher du-
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ring LBPP, explained by the resistance to
leg movements produced by the pressure suit
(Fig. 6-8). HR was similar during exercise
but higher during occluded recovery (Fig 7)
and showed an over all increase of 20 beats
with time. The changes seen in STI followed
the changes in HR, and no systematic diffe-
rence was seen with time nor experimental
condition indicating that the contractility
of the heart was unaffected by fatigue or
LBPP.

DISCUSSION

As pointed out by Gauer (cf. Gauer and Hen-
ry 1977) the increased central venous pres-
sure (CVP) during water immersion elicits

a blood volume decreasing reflex via ADH.
Our blood analyses of Hct and Hb supported
that a decrease in plasma volume took place
during the 6 h studies. The adaptation of
CO, which first was increased by up to 60%,
was more rapid as CO was partly recovering
during the first 2 h. However, the decrease
in FVR, which was present immediately at
the onset of HOWI, was persistent. Is this
due to a reflex action from the low pres-
sure baroreceptors (Bevegard et al 1980)

or would the increased pulse pressure (CO
and SV increased) affect aortic barorecep-
tors to the same effect?

During exercise, static and dynamic XLWI
produced greater changes than during the
control situation. This might be a pure
mechanical effect of the increased CO and
SV and thus explained on a purely passive
basis, but also here baroreceptor activi-
ty (high-or low pressure) might play a part.
~ It was interesting that the levelling off
of FBF during heat stress with increasing

S-10

oesophageal temperature (which was also mea-
sured in experiment III)was not seen during
XLWI, indicating that pooling of blood in
the lower parts of the body is responsible
for the circulatory collaps seen during

heat stress. This is prevented by the coun-
teraction of hydrostatic forces during wa-
ter immersion and the increased CVP, and
would be expected also to occur during low
gravity conditions.

Also local hydrostatic forces can elicit
vascular reflexes, which, however, can be
dominated by the general sympathetic ner-
vous activity, when this is increased du-
ring LBNP (protocol II).

Gravity increases the pressure head to
exercising legs. When this pressure head is
decreased (protocol V) muscle blood flow is
also decreased as indicated by an increase
in blood lactate concentration, an effect
also to be expected in low gravity.

At present the relative importance of
these factors acting in concert during low
gravity is not clear but constitute an ob-
vious field for future investigations in
this laboratory.

For a more detailled discussion of the
present results the reader is referred to
articles to be published from this labora-
tory. Reprints will be mailed on request
as they appear.
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ADAPTATION TO WEIGHTLESSNESS AND ITS PHYSIOLOGICAL MECHANISMS
(RESULTS OF ANIMAL EXPERIMENTS ABOARD BIOSATELLITES)

0.G. Gazenko, A.M. Genin, E.A. Ilyin, V.S. Oganov, L.V. Serova

Institute of Biomedical Problems, Moscow, USSR

The aims of experiments on mammals
aboard Soviet biological satellites Cosmos-
605, 690, 782, 936 and 1129 were to inves-
tigate patterns of adaptation of higher
animals to the weightless state, to study
physiological and morphobiochemical charac-
teristics of organs and tissues of weight-
less animals, and to explore their readap-
tation to Earth gravity after exposure to
zero-g.

The experiments were carried out on
male Wistar rats from the Stolbovaya colony
(Cosmos-605 and 690) and male specific
pathogen free (SPF) Wistar rats from the
colony of the Institute of Endocrinology,
Slovak Academy of Sciences (Cosmos-782, 936
and 1129).

The animals flown aboard Cosmos-605
and 690 were examined 1-2 days post-flight,
and those flown aboard Cosmos-782, 936 and
1129 as soon as possible after recovery (5-
11 hours), in order to discriminate the
changes that developed inflight from those
that could occur upon return to Earth (10,
15

The results of these examinations gave
evidence that various adaptive reactions
developed during space flights of 18-22
days. Concurrently, the exposure caused a
number of distinct structural and metabolic
changes, including specific changes associ-
ated in a different degree with weightless-
ness effects and nonspecific changes devel-
oping as a stress-reaction. Those latter
involved changes in the hypothalamus-
hypophysis-adrenal system, lymphoid organs
and some others.

Histological, histochemical and bio-
chemical examinations of the hypothalamus,
hypophysis and adrenals demonstrated
changes suggesting moderate activation of
their function (13, 21, 28, 35, 36, 41).
The studies also revealed weight losses of
lymphoid organs (14) and inhibition of pro-
tein synthesis in the thymus and spleen
(23 29).

In addition, manifestations of a
stress-reaction included biochemical and
morphological changes in blood (increase in
the corticosterone and glucose concentra-
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tion in plasma, change in the lipid pattern,
lymphopenia, eosinopenia, neutrophilia),
myocardium (increase in the concentration
of catecholamines and activity of phosphor-
ylases A and B), and gastrointestinal tract
(alteration in the content and localization
of mucopolysaccharides in the mucosa) (1,
20, 22, 27, 37, 39).

However, macroscopic and histological
examinations of stomachs of weightless ani-
mals did not reveal ulcerations or erosions
of the mucosa (3). This strengthens the
contention that the space flight-induced
stress-reaction remains at a moderate level.

Specific manifestations of weightless-
ness effects embraced, first of all,
changes in the musculo-skeletal system.
Histological and biochemical investigations
of skeletal muscles and studies of their
contractile properties showed that muscles
developed both atrophic and adaptive
changes. The pattern of muscle reaction
depended at large on functional speciali-
zation; the greatest changes occurred,
therefore, in the muscles involved most
actively in antigravitational activity.

For instance, histological examinations of
the soleus muscle showed changes in prac-
tically all structural elements of myofi-
bers suggestive of atrophic developments
(2, 9, 18). Biochemical studies demon-
strated a decrease in the content of myo-
fibrillar and sarcoplasmatic proteins in
the soleus and a lack of such changes in
other muscles, where a few atrophic shifts
were, however, seen (5, 7). No changes in
the glycogen content or in the activity of
glycogen phosphorylase, an important en-
zyme involved in glycogenolysis, took place
in skeletal muscles, including the soleus.
Activities of adenylate cyclase and phos-
phodiesterase, mediating hormonal control
of glycogenolysis, also remained unaltered
(30).

Of great interest was the cardiac-to-
intermediate (or muscular) type transforma-
tion in the ratio of lactate dehydrogenase
iscenzymes of the soleus muscle, shown his-
tochemically and biochemically (7, 32).

The dependence of the level of changes
upon the antigravitational role of a given



muscle was also demonstrated by the study
of contractile propercies of whole muscles
in vitro and glycerinated myofibers.

Whole muscles displayed a selective
acceleration of the soleus as well as a
decrease in the strength, elasticity and
tolerance to fatigue of the soleus and the
extensor digitorum longus, although the
degree of changes in the latter case was
significantly lower. Glycerinated myofi-
bers of the soleus muscle also exhibited a
decline in the contraction strength and
work capacity. In the extensor digitorum
longus muscle these changes were statisti-
cally insignificant (45).

A more marked decline of the strength
of the soleus muscle and an acceleration of
its contraction were most likely associated
not only with tissue losses but also with a
reduction of mechanical efficiency of indi-
vidual myofibers that could be induced by
changes in the composition and properties
of muscle proteins under the influence of
weightlessness (31).

These data are in good agreement with
the study of muscular activity of intact
rats: postflight the animals showed a low-
ered tolerance to static loads measured as
the time lapse during which they could hold
on to the pole (26).

The structural, functional and meta-
bolic changes that developed in the muscle
system under the influence of space flight
factors were adaptive, being manifestations
of animal adaptation to weightlessness.

The changes proved reversible in flights of
22 days in duration. On R + 25 the weight
of the soleus muscle of flight animals was
identical to the control. Histological
examinations of muscles on R + 25 did not
reveal any changes either, except for small
foci of reparation which evolved in the
sites of muscle fiber death.
ever be ruled out that after longer-term
flights readaptation of the muscle system
to 1 g would not proceed uneventfully.

In bones, as in muscles, the most
appreciable changes developed in those of
them that carry the largest loads on the
Earth, particularly in femoral bones.

The inflight study of bones with the
aid of a pre-injected label (declomycin)
showed a decrease in periosteal bone forma-
tion in the diaphysial area, a reduction of
apposition growth, and a delay in osteoid
maturation and bone mineralization (42).

Postflight study of skeletal bones by
histological methods showed osteoporosis of
spongy compartments, noticeable loosening

of the spongiosa of metaphyses of the femur,

and reduction of primary spongiosa in the
zone adjacent to the cartilage growth plate

It cannot how-
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of the metaphysial area (43). The studies
also revealed a decline in bone mechanical
strength (38). Biochemical investigations
demonstrated redistribution of calcium in
bones of extremities and the skull and of
other minerals in epiphyses and diaphyses
of limb bones (34).

It should be noted that certain
changes in the musculo-skeletal system of
rats induced by weightlessness are similar
to those observed in hypokinetic and hypo-
dynamic experiments. The similarity of
these effects seems to be dictated by a
common component involved in the above ex-
posures, i.e. functional underloading of
the musculo-skeletal system.

The above signs of adaptive transfor-
mation of contractile properties and metab-
olism of skeletal muscles as well as
changes in limb bones in the weightless
state appear to reflect changes occurring
in certain compartments of the central ner-
vous system associated with "excitation
deficiency" and alteration of reflex-
trophic relations in the neuro-muscular
system (33). For instance, biochemical
manifestations of a diminished function of
motoneurons and large neurons of spinal
cord ganglia at the level of the lumbar en-
largement were noted (12). A prolonged ex-
posure of animals to space flight caused a
slight inhibition of metabolism in the
brain, especially in those brain compart-
ments whose function is associated with
motor activity, i.e. in the cerebellum and
sensorimotor zone of the cortex of large
hemispheres. A 15-20% decrease in the ab-
solute content of RNA and a normal content
of proteins were seen in Purkinje cells;
this suggests a decline of the rate of pro-
tein metabolism in the above structures (8).

Among weightlessness-sensitive organs
those of equilibrium should be mentioned.
Both manned and animal space flights fur-
nished information on changes in the ves-
tibular function and deterioration of the
equilibrium function (26).

Histological and histochemical exami-
nations of the rat organ of equilibrium
showed changes that can be related, on the
one hand, to disturbances calcium metabo-
lism within the otolith - otolith membrane
system and, on the other, to local changes
in circulation and outflow of endo- and
perilymph (4).

Functional underloading in the weight-
less state may be responsible not only for
the above changes in the musculo-skeletal
system but also for disorders in the
erythrocyte system and the myocardium.

The rats flown aboard biosatelliteg
displayed a decrease in erythropoiesis in
bone marrow and spleen, a reduction of red



cell survival time, and a significant in-
crease of spontaneous hemolysis in vivo.
However, hemoglobin, erythrocyte, reticulo-
cyte counts and hematokrits postflight did
not essentially differ from the controls
(14, 37, 44, 47). It is very likely that
the mechanism of these alterations is not
associated with a decrease of energy re-
gquirements, as was assumed previously (25),
since biosatellite experiments revealed a
trend for increased oxygen consumption and
diet utilization (11, 24).

Histological examinations of the myo-
cardium did not show any structural changes
in the contractile and mitochondrial sys-
tems of muscle cells. Cytochemical studies
demonstrated an increase in the activity of
phosphorylases A and B (20). Biochemical
investigations carried out after every bio-
satellite flight indicated a reduction -44%
on the average- of ATPase activity of myo-
sin and essentially no changes in the frac-
tional composition of proteins (6, 40).

The decrease in myosin ATPase activity
may be a result of the underloading of the
cardiac muscle - an adaptive reaction to a
"facilitated" workload. Since half-life of
myocardial myosin is 6-8 days, it can be
assumed that due to the underloading a new
myosin with a lower ATPase activity is syn-
thesized in weightlessness. In this situa-
tion return to Earth may provoke dispari-
ties between the required force of myocar-
dial contraction and the potential to meet
this need, provided that myosin ATPase ac-
tivity is lowered (6).

The changes noted in fluid-electrolyte
metabolism postflight included a slight re-
duction of water and electrolytes. However,
in spite of potassium deficiency, its re-
tention during potassium loading tests low-
ered as a consequence of a reduced potas-
sium pool potential, probably due to a de-
crease of muscle mass (16, 17, 19). Post-
flight the weight of kidneys increased (46);
they showed signs of tissue hydration and
no important changes in the structure of
nephrons (17).

Thus, biosatellite experiments demon-
strated certain patterns of adaptation of
higher animals to the weightless state. Tt
was found, among other things, that a rela-
tively prolonged exposure to weightlessness
(making up approximately 1/50 of the animal
lifetime) did not cause pathological changes
in the structure of any of the organs
tested. The abovementioned changes in the
hypothalamus-hypophysis-adrenal system,
muscles, bones, myocardium and other organs
proved reversible. The parameters measured
almost returned to normal 25 days post-
flight.

As known, the biosatellite Cosmos-936
afforded a unique opportunity to perform a
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comparative study of effects of weightless-
ness and artificial gravity of 1 g upon
mammals. The study showed, first of all,
the normalizing effect of artificial grav-
ity on the function of the myocardium,
musculo-skeletal system and excretory sys-
tem; second, it gave support to our notion
that the absence of gravity plays the major
role in the genesis of the above changes in
various bodily systems (10). At the same
time, deleterious effects of artificial
gravity, particularly on the functions per-
formed through interactions of sensory sys-
tems (optic, vestibular, motor) may be
associated with engineering inadequacies of
the onboard centrifuge (a short arm and a
high velocity of rotation). This is un-
doubtedly very important for the develop-
ment of countermeasures to be used in
future prolonged space missions.

The animal studies aboard biosatellite
furnished detailed information about struc-
tural and metabolic changes in muscles and
bones. These changes were similar to those
seen in ground-based simulation experiments
(hypokinesia and hypodynamia); this holds
good promise that the changes can be re-
versed with the aid of specially developed
exercises. From the practical point of
view, it is important that the level of
changes in various muscles and bones was
different and closely correlated with the
degree of their involvement in the anti-
gravitational function on the Earth. This
gives impetus to differential approaches to
the prevention of changes occurring in dif-
ferent compartments of the musculo-skeletal
system.

In conclusion, the studies aboard bio-
satellites are of great importance. They
can be considered as a necessary foundation
for the physiological knowledge formed
through our joint efforts in new fields of
science - gravitational biology and space
medicine. On the basis of the data ob-
tained we are already able to develop new
criteria and methods of functional diagnos-
tics for medical support of manned space
flights and to formulate perspective lines
of research in the future. Thus, we may
hope that with further accumulation of our
knowledge yielded by studies aboard biolog-
ical satellites their theoretical potential
and practical efficiency will be increasing.
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PHYSIOLOGICAL MECHANISMS OF ADAPTATION OF RAT SKELETAL MUSCLES TO
WEIGHTLESSNESS AND SIMILAR FUNCTIONAL REQUIREMENTS
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Moscow,

INTRODUCTION

Physiological activities of mammals in
the Newtonian World (33) manifest primarily
as movement, spatial displacement or pos-
tural maintenance in the gravity field.
Therefore, it can be postulated that the
Earth field of gravity has played a part in
the evolutionary development of neuromuscu-
lar and motor systems of living beings,
particularly of mammals (26,34). 1In view
of this, it can be expected that in the
weightless state the system of movement
control and its effector apparatus, i.e.
skeletal muscles, undergo certain changes.

Long-term manned space missions have
demonstrated that, despite the use of vari-
ous countermeasures, skeletal muscles show
changes which can be defined on the whole
as "functional atrophy". They include mus-
cle mass loss, and decline of muscle tone,
strength and endurance, primarily of leg
and torso muscles (2,31); these changes
cause, in turn, deterioration of the up-
right posture regulation, disturbances of
locomotions, and disorders of more complex
movements (2,3).

In the present investigation an at-
tempt was made to penetrate into mechanisms
of the above phenomena (their nature, depth,
etc.) on the basis of animal experiments
carried out aboard biosatellites and in
ground-bound weightlessness simulation
studies.

MATERIALS AND METHODS

In all experiments, animals were sac-
rificed by decapitation: after recovery of
Cosmos-605 and Cosmos-690 at R + 1 and R +
25, after recovery of Cosmos-936 at R + 0,
R + 25.

Duration of simulation studies varied
and is indicated in the text. Experiments
were performed on skeletal muscles of fore-
limbs (medial head of the triceps brachii
muscle - TRIC and the brachialis muscle -
BRACH) and the hindlimbs (the soleus muscle
- SOL and the extensor digitorum longus
muscle - EDL).
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Contractile properties of intact mus-
cles in vitro were examined with respect to
the amplitude of twitch (Ag) and tetanic
(A) tension and to the time of development
of tetanic tension (Tp) to reach 1/2 A (18).
Contractile properties of glycerinated mus-
cle fibers were evaluated in relation to
the maximum amplitude of isometric tension
(Pp) (guantitative analysis) and time (Tp)
of an empirically isolated linear segmeng
of the curve of Pp development (normalized
index). Glycerinated muscle fibers were
obtained and their contractile properties
examined by the method of Szent-Gyorgyi
(28) modified according to (1,23).

In every experimental series the re-
sults obtained in flight animals (F) were
compared with the data of synchronous con-
trols (S) and vivarium controls (V).

RESULTS AND DISCUSSION

Studies of SOL and EDL intact muscle
preparations performed as part of Cosmos-
605 (22 days) and Cosmos-690 (20.5 days)
programs showed a decrease of muscle con-
traction strength (A) upon their tetanic
stimulation, loss of elasticity and decline
of tolerance to fatigue (18,19) (Fig. 1).
The SOL also displayed a selective acceler-
ation of tetanus development (Tp decrease,
Fig. 1, 2) and a decrease of the A/A, ratio
(19). The above changes proved adaptive
and reversible: they disappeared by R +
25. It was suggested that in the SOL they
were induced by weightlessness effects and
could be associated with a partial rear-
rangement of the structure and function of
muscle fibers that made them similar to
fast fibers (18); in the EDL these changes
were more likely bound with the combined
effect of experimental and maintenance
factors.

It was also hypothesised that manifes-
tations of adaptive transformation of con-
tractile properties of the anitgravity SOL
not only reflected its structural (11) and
metabolic (4,21) changes but were also re-
lated to alterations of contractile proper-
ties of myofibrillar proteins as such.

The Physiologist 23: Suppl., Dec. 1980
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Fig. 1. Contractile properties of rat skel-
etal muscles after the experiment
on Cosmos-690. EDL - m. extensor
digitorum longus, SOL - m. soleus.
Changes in F rats were statisti-
cally significant at *¥P (g, y)<0.05
and XP(g or v) <0.05.

In order to verify this hypothesis,
the Cosmos-936 (18.5 days) program included
a study of contractile properties of glyc-
erinated muscle fibers. The study has been
suggested by the knowledge that pre-glycer-
ination, partially degrading the sarcolemma
and washing metabolic substrates out of
muscle fibers, maintains the native organi-
zation of myofibrillar proteins and their
ability to form actomyosin complex and to
hydrolyze ATP, which in this case, are
similar to the processes occurring during
intact muscle contraction (1,15).

It should be noted that, unlike
strength parameters, the time-course of
contraction development in this model is
influenced by ATP concentration, and rate
of ATP diffusion towards active myosin
sites; this is in turn dependent on the
preparation size, number of fibers and
other things (1,30). All this makes it dif-
ficult to quantitate and compare time
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Fig. 2. Time of tetanic contraction devel-

opment (to reach 1/2 max, Tp) of
rat skeletal muscles at R + 1 and
R + 25 after Cosmos-605 flight.
Designations see in Fig. 1.

parameters characterizing reduction of mus-
cle circumferences; therefore, the above-
mentioned time index Tp has been used in
qualitative evaluations.

As it follows from Fig. 3 and (29), a
decrease of Py of the slow SOL (Cosmos-936,
1129) and a lesser decrease of Pp of TRIC
have been revealed as compared to S - Cos-
mos-936 and to S and V - Cosmos-1129 (29).
A tendency toward shortening of time of SOL
tension development (T, decrease) has been
found. A trend for an increase in T, of
the EDL and lack of significant changes of
Pm (Cosmos-936) and, on the contrary, lack
of changes in time parameters and a statis-
tically significant increase of Py of the
EDL (Cosmos-1129) from the light muscle
portion (29) have been demonstrated. 1In
preparations of another fast muscle -

BRACH - a significantly increased Pp (Cos-
mos=-936) in both F and S groups (Fig. 3)
or a slightly decreased Pp (Cosmos-1129)
(29) have been observed in the absence of
noticeable changes in Tp in either case.

In accordance with histological (12)
and physiological (13) data, the TRIC is
similar to the fast EDL in its fiber compo-
sition. However, it is believed (12) that
due to its anatomical, topographical and
biomechanical characteristics the TRIC (an
extensor muscle) is involved in maintaining
posture to a greater extent than the EDL



(a flexor muscle). This may have a bearing
on the similarity between SOL and TRIC re-
actions to space flight effects shown in
the present investigation.

BRACH EDL

TRIC

S0L

200 7

@- FLIGHT (P)
- SYNCHRON (S)

150 A

100 1~ R ——— ————
20 4
0
Fig. 3. Changes in maximal isometric ten-
sion of glycerinated muscle fibers
after Cosmos-936 flight. BRACH -
m. brachialis, TRIC - m. triceps

(caput medialis). The number of
preparations (bundles) is shown in
diagrams. Other designations see
in Fig. 1.

The data on an increased Pp of BRACH
and TRIC in S rats (Cosmos-936) as well as
EDL in F rats (Cosmos-1129) needs further
study. Theoretically, this can be attrib-
uted to 1) the environmental effects of a
small enclosure, and 2) an increased con-
tribution of the postural load caused by
body stabilization in the support - free
space. This activity may first of all in-
volve forelimb muscles which are well ad-
justed to differentiated movements in rats.
This concept is indirectly supported by the
evidence indicating an increase of total
motor activity of rats in space flight (14).

The biomechanical study of factors
that could explain the above observations
was conducted in experiments simulating in
a different manner altered loads upon skel-
etal musculature (hypokinesia, hypodynamia)
in comparison with the biosatellite find-
ings.

Hypokinetic experiments in which ani-
mals were kept in small cages limiting pri-
marily their physical movements demon-
strated a decline in the strength (A) of
intact SOL and EDL, which was most pro-
nounced in the latter muscle, as well as a
selective delay of tetanus development (an
increase in Tp) of intact SOL (p=0.02).
This muscle also showed a reduced toler-
ance to fatique. These changes were
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significant only after 3-month exposure to
hypokinesia (17).

Similar hypokinetic experiments of
shorter duration (22 days) did not reveal
significant changes of Py in glycerinated
fibers of any fore- or hind-limb muscle
tested (Fig. 5). At the same time a dis-
tinct trend for an increase in Tp in SOL
preparations and for a decrease in Tp in
EDL preparations was seen.

Hypodynamic studies (13) in which
strength unloading of brachial muscles was
achieved by forearm amputation demonstrated
a decrease of strength (A) (p<0.01l) and
shortening of time of tetanus development
(p=<0.05) in intact TRIC (Fig. 4).

In other hypodynamic experiments rats
were kept in special devices (10) where
animal hind- and, in part, fore-limbs had
no support ("suspension"). Due to the sus-
pended two-coordinate system animals could
move (within an area of 400 mm x 400 mm) in
two planes with the aid of their forelimbs,
thus having access to food and water.

These studies showed a decrease of Pp of
glycerinated fibers of SOL (p<«0.0l) and
TRIC (p=0.02) (Fig. 5).

An analysis of the data obtained al-
lows the following conclusions to be made.
The phenomenological similarity of effects
of weightlessness and hypodynamia (amputa-
tion and suspension) suggests that strength
unloading is the major factor causing the
above changes in strength and time param-
eters of antigravity muscles in the weight-
less state. The hypokinetic effect, par-
ticularly, on time parameters of SOL con-
traction is often opposite to the weight-
lessness effect, resulting in an increased
time of isometric tetanus development (13,
17). In analogy to the delay of a fast
muscle in response to a prolonged low-fre-
quency stimulation of the appropriate nerve
(22,27), it can be thought that the SOL of
hypokinetic animals (in our model) may have
an inflow of reflectively enhanced efferent
impulses, for instance, due to its exten-
sion with the ankle flexed.

Among mechanisms, that may be involved
in the fairly complex changes noted, at
least two groups can be distinguished:
myogenic and neurogenic. There are find-
ings that can be discussed in the light of
modern concepts of the neurous control over
the structure and function of muscles.

It can be assumed that various devia-
tions from the normal postural activity as
simulated in the present investigation
(weightlessness, hypokinesia, hypodynamia)
are accompanied by corresponding changes
in the pattern and type of total afferent
impulsation from various proprioreceptors
(5,25). This may result in certain changes
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Fig. 4. Contractile properties of shoulder
skeletal muscles of rats after
their unloading using amputation
of the forearm distal third (ampu-
tation model). The diagrams show
the number of preparations (intact
muscles) tested. Significance of
differences between amputated
limbs and contralateral and con-
trol animals (XXP.0.01), contra-
lateral limbs or control animals
(XP< 0.05)

in the functional state of nerve centers
involved in the regulation of movements and
contractile properties of skeletal muscles
as well as in an adequate rearrangement of
reflex-trophic relations between the nerve
and the muscle. This may be illustrated by

140

BRACH EDL TRIC SO0L

Fig. 5. Weightlessness and simulation
studies: pattern of dependence of
changes in contractile properties
of glycerinated muscle fibers (Pp)
of different skeletal muscles upon
their involvement in antigravita-
tional activity:
® Cosmos-936 (F/S-100%),
@ hypokinesia (small enclosures)
and
A hypodynamia (suspension) of
duration equal to that of space
flight.
Unshaded symbols P«0.05. Other
designations see in Figs. 1 and 3.

electrophysiological (24) and biochemical
(7) evidence of changes in the functional
state of spinal cord motoneurons of hypo-
kinetic rats as well as by postflight de-
crease in the rate of protein synthesis in
spinal cord motoneurons and cerebellar
Purkinje cells (6,8) which may give rise to
alterations in their function and requla-
tory influences on skeletal musculature.

At the myon level this may lead to a modi-
fication of various, possibly including
autoregulatory mechanisms controlling syn-
thesis of muscle proteins and, finally, to
an appropriate rearrangement of the pheno-
type of muscle fibers as judged by the iso-
zyme pattern of myosin (29) and composition
of regulatory proteins (16).

Thus, the results of our examinations
of contractile properties of skeletal mus-
cles in real weightlessness and simulation
studies as well as in increased gravity ex-
periments (20) may be regarded as a spe-
cific case of realization of general mech-
anisms underlying dynamic nature of muscle
specialization (9,27,32). 1In this event
all the above data may be of theoretical
interest as another illustration of func-
tional plasticity of muscles and their



capacity to adapt adeguately to an unusual
environment, to an allowed motor activity,
and to new biomechanical conditions of con-

traction.

From the practical point of view

this holds good promise as a potential tool
of controlling adaptation of skeletal mus-
cles to the weightless state.
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WEIGHTLESSNESS EFFECTS ON RESISTANCE AND REACTIVITY OF ANIMALS

L.V. Serova

Institute of Biomedical Problems

Moscow,

In the literature there are numerous
indications that exposure to weightlessness
is accompanied by a decline in bodily re-
sistance, even with countermeasures applied.
Different signs of diminished resistance,
e.g. decrease of work capacity, rapidly de-
veloping fatigue, orthostatic intolerance,
altered immunoreactivity, have been seen
both during and after manned space flights
(8).

Since resistance and reactivity are
integrative parameters characterizing via-
bility of the human body and its ability to
adapt to a new environment, it is important
to discuss this problem in detail, having
in view relevant data from animal experi-
ments flown aboard biosatellites of the
Cosmos series.

The flight experiments were performed
on male Wistarline rats, which were 60-85
days of age and weighed 200-350 g, from the
Stolbovaya breeding colony (Moscow) or from
the breeding colony of the Institute of Ex-
perimental Endocrinology (Bratislava,
Czechoslovakia).

The flight time varied from 18.5 to 22
days, thus making approximately 1/50 of the
rat life-time. No countermeasures against
adverse effects of weightlessness were used
either during or after flights.

The flight data were compared with the
results obtained from vivarium and syn-
chronous ground-based controls kept in the
biosatellite mock-up, where the flight pro-
file, except for weightlessness, was simu-
lated. A more comprehensive description of
the experimental details was reported else-
where (9).

Postflight state of rats was in all
cases satisfactory. However, their motor
activity was lowered during the first days
post-recovery. It looked as if the animals
adhered to a sort of gentle regimen, i.e.
functional hypokinesia, to alleviate their
readaptation to Earth gravity after pro-
longed weightlessness. Interestingly, a
similar phenomenon - "physiological reduc-
tion of motor activity" - was observed by
Bengele (1) in rats during their transition
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from 1 g to hypergravity generated by
chronic centrifugation.

For rats - long growing mammals - one
of the basic parameters of viability may be
the rate of growth, reflecting accurately
enough the proportion of anabolic and cata-
bolic processes. Biosatellite studies dem-
onstrated weight losses of flight animals
as compared to the controls. In Cosmos-605
rats, the delay in weight gain was 60 g, in
Cosmos-782 rats it was much lower amounting
to 18 g. In both flights food consumption
was normal. Inflight changes in body
weight seemed to depend on the preflight
weight and metabolism. For instance, Cos-
mos-1129 rats, larger animals with a more
marked daily weight gain, showed only a
trend for growth delay inflight: the dif-
ference from the controls was statistically
insignificant.

It should be noted that in flights,
the duration of which was 1/50 of the ani-
mal life time, there were signs of activa-
tion of both catabolic and anabolic pro-
cesses. Enhancement of catabolism was in-
dicated by activation of proteolytic en-
zymes in all compartments of the digestive
tract, decrease of muscle weight and other
changes (4, 10). Activation of anabolism
was indirectly suggested by a better assim-
ilation of diet, slightly increased oxygen
consumption and other variations (3, 5).

It is likely that during space flights of
the above duration the animal body is capa-
ble to make for, either partially or com-
pletely, enhanced catabolism developing in
response to the underload of the musculo-
skeletal system. However, in spite of
phylogenetically determined conservatism of
anabolism activation, it can be hypothe-
sized that with an increase in flight time
this reaction, without an adequate rein-
forcement, may extinguish to result in a
noncompensated progressive activation of
catabolic processes.

It is known that reactivity of the
animal body depends largely on the state of
its lymphoid tissue which is very labile
during stress effects and adaptation.
Flight animals showed involution of lymph
organs: a decrease in the thymus and
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spleen weight and a reduction of the thymo-
cyte and splenocyte count. They also ex-
hibited lymphopenia in blood and a decrease
of the percentage content of lymphocytes in
bone marrow.

Following Cosmos-1129 flight, some
animals were exposed to an additional
stress - 2.5 hour immobilization at R + 0,
3, 4, 5 and 6 days. In spite of a distinct
involution of the thymus in flight animals
at R + 0 (252 mg versus 394 mg in the con-
trol, p <« 0.001), their reaction to addi-
tional stress-effects was very close to
that in the control - 38% and 30%, respec-
tively. Similar changes were seen in the
spleen: postflight its weight was 636 mg
on the average versus 893 mg in the control
(p 2 0.001), and the reaction to additional
stress effects was even greater than in the
control (29% versus 14%) regardless of the
initial (postflight - pretest) involution.

Blood analysis performed 7 hours post-
flight showed neutrophilia and lymphopenia
(Table 1). This was suggestive of the de-
velopment of an acute stress-reaction by
that point in time.

However, the depth of responses to the
stress-test was identical in both flight
and control rats. Fig. 1 illustrates the
degree of changes (as a percentage of the
pretest level) in the lymphocyte/neutrophil
ratio at the end of the immobilization test
carried out at R+ 0, 3 and 5. 1In all
cases responses of flight and control ani-
mals were identical, although absolute val-
ues before and after test differed signifi-
cantly: for instance, the lymphocyte/neu-
trophil ratio in the flight group before
and after test was lower than in the con-
trols.

Fig. 2 shows the lymphocyte/neutrophil
ratio 30 min after the immobilization test.
At R+ 0 and 5 there was no difference be-
tween flight and control animals and at
R + 3 vivarium rats reached the pretest
level within this time period, in contrast
to the flight and synchronous rats.

Thus, the animals exposed to space
flights effects aboard the biosatellite re-
tained largely their ability for adequate
reactions of blood cells to additional
stressors, in spite of the fact that the

TABLE 1. Blood Picture of Animals 7-10 Hours Postflight
Rat group Hemoglobin  Erythrocytes Leukocytes Lymphocytes Neutrophils
(&%) (mn/mm’)  (thous/mm®) (thous/mm>) (thous/mm>)
Vivarium (V) 7.1 + 0.24 15.9 %+ 0,16 8.2 + 0.51 5.18 + 0,51 2.43 + 0.29
T«4 + 0,16  15.3 + 0.13 6.8 + 0.41 4.0 + 0.23 2.43 + 0.2
Synchronous (8)
8.9 + 0.22 17.4 + 0.17 11.22+ 1,07 2.91 + 0.27 T7.16 + 1.01

Flight (F)
pV,S< 0.001

pV,S <0.001

pv = 0002
Pg < 0.002

py < 0.001 pV,S <0.001

Nevertheless, the 2.5 hour immobiliza-
tion test caused similar reactions in both
flight and control animals: further in-
crease in the neutrophil count, decrease in
the lymphocyte count, and decline in the
lymphocyte/neutrophil ratio. Prior to the
test, the ratio was 0.64 in the flight
group, 2.37 in the vivarium group and 1.83
in the synchronous group (p«£0.001); by the
end of the test it was 0.21, 0.51, and 0.44,
respectively (p<0.002) and 30 min after
the test it was 0.11, 0.24, and 0.22, re-
spectively (p4£0.001).
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initial (postflight - pretest) blood of
flight animals differed significantly from
that of controls.

Weight variations during immobiliza-
tion tests were also similar in the flight
and control animals (Fig. 3).

Mention should be made of individual
variations in animal responses to space
flight factors. They can be seen in
weights of body and organs, blood picture,
reactions to the stress-test postflight,



reaching sometimes significant values. Ob-
viously, there is good reason to speak not
only about an average reaction to the space
flight but also about a gradient of reac-
tions associated, in all likelihood, with
differences in individual resistance and
reactivity of animals.

%o [ sivaviurm
00% N s/ 72cktorous’
(W glgrt
1
R+ 0 3 5 days
Fig. 1. Lymphocyte/neutrophil ratio in

peripheral blood. Level of reac-
tion at the end of the stress-test

at R + 0, 3 and 5.
7o
00T
R+ 0 3 5 days
Fig. 2. Lymphocyte/neutrophil ratio during

recovery after immobilization test.
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Fig. 3. Weight variations during the first
postflight days - at rest and dur-

ing immobilization tests.

It is interesting to note that similar
observations were made by Burton and Smith
(2) in their chronic acceleration studies
of birds. The authors distinguished five
groups with a varying pattern of responses
- from a group with very acute responses to
the symptom-free group.

The very fact of distinct individual
reactions in the population of normal ani-
mals is important for preflight selection
of animals. At the present time the stan-
dard practice is to select most resistant
animals. It cannot be ruled out that doing
this we deprive ourselves of an opportunity
to study extreme reactions to weightless-
ness.

No matter what parameters are used to
assess resistance at different stages of
individual development, its basic integra-
tive parameter is the rate of aging. The
exposure to weightlessness did not shorten
the life-time of animals. Out of 4 rats
allowed to live after Cosmos-605 flight 2
rats died at the age of 29-30 months, one
rat at the age of 35 months, whereas all
control animals (6 rats) died at the age of
23-25 months. There was only one flight
rat that died earlier, at the age of 13
months.

The offspring obtained from mating
male rats flown for 22 days aboard Cosmos-
605 and intact females 2 months postflight
did not differ from the controls in the
total number of newborns, weight at birth,
weight variations during the first month of
life, weights of organs, blood picture, and
tolerance to hypoxic hypoxia (Table 2).



TABLE 2.

Characteristics of the Offspring Produced by Flight and Control Male Rats.

(The animals were 30 days of age at the time of examination).

Rat Num Body{

Weight of organs (mg)

T
Hemogl o-Ery thro+Femoral

grOejgi wei- | ‘%
up o3 %ht {Adrenald Thymus
! gmsi ' ium

| Spleen |Myocard-Kidneys &iver (&%) (mlg/
(2) mm

bin cytes | karyo-
| cytes
{(mln)

Con- i l 5
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366Q¢17ﬂ10.4¢0. +0+£0.3 |76.647.9
p70.1 pr0.1 p70.1 p70.1

]

‘p70.1

It cannot be excluded that animal mat-
ing at earlier postflight stages may yield
different results.

These findings allow the conclusion
that an 18-22 day exposure to weightless-
ness reduces resistance of the animal body.
However, this reduction is not great, ex-
erting no significant effect on animal via-
bility.

Obviously, an exposure to weightless-
ness of the above duration forms the situa-
tion in which reserve capabilities of the
animal body prove adequate to maintain ho-
meostasis at rest and upon certain loads
and enhanced catabolism is to a large ex-
tent compensated by enhanced anabolism. In
spite of involution of lymphoid organs oc-
curring at the end of the flight, they show
a reaction to an additional immobilization
stress similar to that in the control. The
same can be said about blood cells. Never-
theless, according to the data obtained by
Macho et al. (6) from the same Cosmos-1129
rats, repeated postflight immobilization
decreased substantially the content of
epinephrine and norepinephrine and in-
creased tyrosinehydroxylase activity in the
adrenals as compared to the control animals
exposed to a similar test. Natochin et al.
(7) described an inadequate reaction of
rats to the potassium load at R + 1 which
was manifested as diminished capacity to
retain potassium despite its deficiency at
the end of the flight.

Thus, the animals exposed to weight-
lessness for 1/50 of their life-time show
reactions to additional loads that appear
adequate in some cases and inadequate in
others. It can be assumed that in missions
with a longer-term exposure to weightless-
ness, on the one hand, or with more compli-
cated provocative situations, on the other,
a progressive decline of resistance of the
animal body and an increase in the number
of inadequately responding systems may be
observed. Therefore, further investiga-

tions should concentrate on limits of adap-
tive capabilities of the animal body during
adaptation to weightlessness and readapta-
tion to 1 g upon return to Earth.
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ARTIFICIAL GRAVITY IN SPACE FLIGHT

A.R. Kotovskaya, E.A. Ilyin, V.I. Korolkov, A.A. Shipov

Institute of Biomedical Problems, Moscow, USSR

Great achievements have been recently
scored in the prophylaxis of adverse ef-

fects of weightlessness. This is evidenced
by the successful 175-day mission of Soviet
cosmonauts. However, we are in no position
to assert that the counter-measures avail-
able (exercise, lower body negative pres-
sure, drugs, etc.) can entirely prevent
detrimental effects of weightlessness on
the human body. Besides, application of
various countermeasures may distract crew-
members from their duties and take too much
of their time required for work and rest.
It should also be borne in mind that cur-
rent biomedical studies do not provide re-
liable data to guarantee good health condi-
tion in flights much longer than those per-
formed by the present time.

In view of this, one of the basic
goals of space medicine is to develop such
countermeasures that would be, on the one
hand, efficient and safe and, on the other,
not encumbersome for crewmembers.

The best solution of the problem may
be afforded by artificial gravity generated
by spacecraft rotation (5).

From the biomedical point of view ad-
vantages and disadvantages of artificial
gravity can well be understood only on the
basis of the results of long-term space
flights. Assuming that in future artifi-
cial gravity may in principle find practi-
cal application in astronautics, it seems
important to summarize our knowledge con-
cerning the life under artificial gravity
conditions.

In 1975 studies on plants and lower
vertebrates flown aboard the Soviet bio-
satellite Cosmos-782 showed that biological
effects of artificial gravity of 1 g gener-
ated by a centrifuge in space flight were
similar to those of Earth gravity (2).
(Ilyin, Parfenov, 1980).

Comparative studies of effects of
weightlessness and artificial gravity of 1
g on the vital processes in the animal body
were continued in Cosmos-936 experiments on
mammals, viz. rats (1).
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The 19.5-day space flight influenced
the general state and posture-motor reac-
tions of animals. The rats flown in the
weightless state showed the largest changes
during recovery. They were inactive, lay
flat most of the time, and moved either
crawling or with altered step. They did
not exhibit typical movements and postures
associated with orientation reflexes in a
new environment. The rats exposed to arti-
ficial gravity showed less distinct changes.
They were more active, readily overcame ob-
stacles, stood on hindlimbs, and moved with
normal step.

Static endurance diminished postflight
in all rats returned to the normal in cen-
trifuged rats mcuh faster, reaching the
preflight level by R + 5. The weight gain
of weightless and centrifuges rats did not
differ significantly.

Weightless rats showed moderate mani-
festations of a stress-reaction: increase
in the functional activity of the adrenal
cortex, hypoplasia of the thymus and spleen,
increase in the percentage content of seg-
mented neutrophils in the peripheral blood,
lympho- and eosinopenia. Centrifuged rats
displayed insignificant, if any, changes of
this kind (peripheral blood).

The water load test (5 ml per 100 g
body weight) applied at R + 1, in order to
evaluate the osmoregulatory function and
possible fluid deficiency, did not reveal
any differences in fluid excretion - dynam-
ics and maximum - between the two rat
groups. Nevertheless, sodium excretion of
weightless rats following the water load
test was significantly higher than that of
centrifuged rats and ground-based controls.

The potassium load test (5 ml - 1.25%
KCl per 100 g body weight) applied at R +
2 resulted in an almost identical fluid ex-
cretion of both weightless and centrifuged
rats. However, potassium excretion of
weightless rats was higher (849 % 24.¢6
uequiv per 100 g) than that of centrifuged
rats (262 % 43.9 uequiv per 100 g) and syn-
chronous rats (228 * 27.5 uequiv per 100 g).
Thus, artificial gravity exerted a normal-
izing effect on the renal excretion of
sodium and potassium.



An exposure of animals to weightless-
ness brought about distinct signs of atro-
phy, metabolic disorders (alteration in
the pattern of lactate dehydrogenase iso-
zymes, accumulation of glycogen, increase
in the phospholipid content and enhance-
ment of ALT activity) in hindlimb muscles,
especially the soleus muscle. Centrifuged
rats displayed moderate atrophic changes
of the same muscles and essentially no
metabolic alterations.

Weightlessness caused an increase in
the content of sarcoplasmatic proteins and
a noticeable decrease in the activity of
myosin ATPase. Centrifuged animals did
not show changes in the content of sarco-
plasmatic proteins of the myocardium and
displayed a much less expressed decrease
of myosin ATPase.

The investigation of femurs and tibia
of weightless rats revealed a delay in
their growth, development of osteoporosis,
decrease of density and mineral content as
well as a 30% decrease of bending strength.
Artificial gravity prevented changes in the
calcium and phosphorus content in tubular
bones.

The eqguilibration function assessed in
relation to the ability of animals to hold
on to a narrow horizontal rail deteriorated
immediately postflight, although to a less-
er degree in the centrifuged rats. It was
characteristic of weightless rats to behave
passively while on the rail: equilibration
lost, they did not try to restore it. Cen-
trifuged rats were active in maintaining
balance and, having lost it, they caught at
the rail with their paws in the back down-
ward position (4).

Vestibular studies demonstrated that a
prolonged exposure to weightlessness did
not alter functions of semicircular canals
and otoliths or did not affect central com-
ponents of vestibulo-spinal and vestibulo-
oculomotor reflexes. It is probable that
these effects were so weak and transient
that they could not be detected on the 1st
or 2nd day postflight. A long-term centri-
fugation of animals resulted in a decline
of reactivity and sensitivity of semicircu-
lar canals; this may be one of the factors
responsible for the decline in the equili-
bration function noted immediately post-
flight.

Four-five hours postflight, weightless
rats demonstrated an almost normal reflex
of turning around when falling down from
the back downwards position; the only devi-
ation from the normal was the fact that it
was difficult for them to stabilize their
body after turning around and, therefore,
to land in the proper way, especially with
eyes closed. Centrifuged rats turned
around in a similar manner but with eyes
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closed they simply did not try to turn
around and fell down on their back. The
animals that were centrifuged on the ground
in a short-arm centrifuge behaved similar-
ly. It can therefore be inferred that in
weightlessness and, to a greater extent,
a rotating system the role of vision in
spatial orientation acquires far greater
importance.

in

Studies of the higher nervous activity
(the ability for orientation in the maze)
showed that the functional changes of cen-
trifuged rats were more marked than of
weightless animals. This was particularly
evident when the rats were offered compli-
cated tests.

Biochemical examinations of brain
structures responsible for the higher motor
control demonstrated that centrifuged rats
developed a more significant and prolonged
decrease of RNA in cerebellar Purkinje
cells and of the content of SH-groups in
the frontal (motor) zone of the cortex.
Besides, they showed a decline in the RNA
content in glial cells-satellites of the
cerebellum.

Thus, artificial gravity of 1 g gener-
ated inflight helped to prevent in a large
measure the development of weightlessness-
induced adverse changes in the animal body.
The normalizing effects of artificial grav-
ity on the function of the myocardium,
musculo-skeletal system and excretory sys-
tem need special mention. At the same
time specific effects of rotation concomi-
tant with artificial gravity were detected;
they involved the functions realized
through a combined action of optic, vestib-
ular and motor sensors (equilibration func-
tion, turning reflex, orientation in the
maze, higher motor control). Since ground-
based manned studies have demonstrated
that, from the biomedical point of view,
rotational factors cannot be an obstacle
for the manufacture of spinning spacecraft
(3), it can be concluded the Cosmos-936
experiment was the first study to demon-
strate practical feasibility of artificial
gravity as a countermeasure against adverse
effects of prolonged space flights on mam-
mals.

The final goal of pertinent biomedi-
cal investigations is to identify the mini-
mum value of the centripetal force required
to maintain good health condition and high
performance of space travellers in long-
term space missions as well as to determine
the optimum ratio of the arm and angular
velocity of rotation of a spacecraft carry-
ing an artificial gravity system.
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BIORHYTHMS OF RATS DURING AND AFTER SPACE FLIGHT
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Scientists responsible for medical
support of manned missions are concerned
with potential effects of space flight on
biorhythms (1,2,8,9). In this context, it
is very important to determine whether bio-
rhythms are influenced by weightlessness,
confinement, and remoteness of natural
ground-bound time cues as opposed to other
space flight factors associated with work-
rest cycles of crewmembers. In order to
discriminate these effects and to eliminate
the influence of social and motivational
factors and countermeasures, it was reason-
able to carry out biorhythmological experi-
ments on animals. The experiment of this
kind performed previously on a non-human
primate (3) showed biorhythm disorders;
however, its reliability was questioned in
view of the poor health condition of the
animal who died at R + 1.

Cosmos-782 (6) and Cosmos-936 studies
demonstrated that circadian rhythms of mo-
tor activity and body temperatures of ani-
mals remained stable throughout the flight,
and distribution of their activity and rest
patterns within the circadian cycle was
normal.

The aims of the Cosmos-1129 experiment
were 1) to investigate phasic rearrange-
ments of the circadian cycle of motor ac-
tivity (MA) and body temperature (BT) of
rats inflight, once the light-dark cycle
was inverted, and 2) to assess the state of
circadian and minute rhythms of animals
during their readaptation on return to
Earth.

Preflight, SPF Wistar male rats were
exposed to artificial illumination with the
lighting schedule 12 hours light:12 hours
dark.

Minute rhythms of motor behavior were
examined, using the conditioned avoidance
reaction procedure. The animals were
trained to press a bar after a sound signal
followed by electric painful stimulation
(4) was applied. The trained rats used to
work without reinforcement. The following
parameters were measured: time interval
between signal application and onset of
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movement (central reaction time, ct), and
time interval between onset of movement
and bar pressing (motor reaction time, mt).
The sound signal was applied every 30 sec
for each pair of simultaneously examined
animals during 32 min. 1In the course of
this experiment the rats were housed in a
chamber consisting of two identical parts.
In this manner the animals were taken un-
der study twice a day during time periods
that corresponded to their maximum and min-
imum activities within circadian cycles 19
days before flight and 5, 10, 15, 20 and
29 days after flight.

Circadian variations in the excretion
of fluid, Ca, Na, K, phosphates and hy-
droxyproline were determined within 36
hours on postflight days 3.5-5, 8.5-10,
13.5-15 (7). To do this, animals were
housed one per cage, and urine samples
were collected every 4 hours (7).

Preflight, animals were trained to
live one per cage in routinely used flight
qualified 1000 ml cages combined in five
to form a unit with automated air ventila-
tion, feeding and watering devices, a waste
management system, and MA and BT recorders
attached.

In the course of training, during
flight and postflight examinations, the
animals were kept on a 12 hour:12 hours
light:dark cycle (10 and 0 lux). The caged
animals were fed every 6 hours with one
fourth of the daily diet which remained
accessible until the next portion was sup-
plied.

Postflight on days 2, 7, 12 and 17,
MA and BT were recorded for 36 hours. Dur-
ing flight and synchronous experiments BT
of 5 animals housed in one unit was ob-
tained on the even days, and MA of the same
animals on the odd days. In addition, MA
was registered in 20 more rats located in
4 other units; these animals remained in-
tact: they were not implanted with BT re-
corders or used in biorhythm studies pre-
and post-test. MA and BT data were re-
corded with an interval of 2 hours. The
informational signal in the BT channel was

The Physiologist 23: Suppl., Dec. 1980



the value at the actual time of recording,
and that in the MA channel was the sum

total of movements performed within 2 hours.

In order to investigate phasic rear-
rangement of circadian rhythms of MA and
BT in weightlessness, the light-dark cycle
was inverted on flight day 10 (DD,AY =180°).

In total the flight continued for
18.5 days. During postflight examination
the rats were exposed to inverted light-
dark cycle (Fig. 1).

MA and BT data were treated by the
Kosinor method. 1In the preflight period
all animals showed a distinct circadian
rhythm of MA and BT with a normal distribu-
tion of activity and rest within the circa-
dian cycle.

days after flighs 5 IO 20

Is
|
days after inversion A I9 T 2

i
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Lz

YL 7

50 L] daye

Fig. 1. Scheme of the experiment. Figures
in squares indicate days of obser-

vation of minute rhythms.

During flight days 1 through 9 the
position of the phase of MA and BT rhythms
was relatively stable or at least did not
show a trend for continuous drift (Fig. 2).

The rearrangement of rhythm phases
started immediately after light-dark cycle
inversion and developed at a similar rate
both in flight and synchronous experiments.
Six-seven days later the shift of MA and BT
phases reached 180° and by the end of the
flight the drift still continued in the
same direction both in flight and synchro-
nous animals.

The synchronous rats with implanted BT
recorders showed a monotonous drift of the
MA phase from the very beginning of the ex-
periment (Fig. 2B). After day-night inver-
sion the process continued at the same rate
and in the same direction. This may be at-
tributed to incidental uncontrolled influ-
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Fig. 2. Phase of circadian cycle of ani-
mals during flight and synchronous

experiments

2A - Phase of changes in mean body
temperature of 5 rats with im-
planted body temperature transmit-
ters (from rat cage unit 2)

2B - Phase of changes in mean
level of motor activity of 5 ani-
mals with implanted body tempera-
ture transmitters (from rat cage
unit 2) and 20 intact rats (from
rat cage units 2 through 5)

ences on these very rats, because in other
animal groups the position of the MA phase
remained unaltered throughout the experi-
ment.

In the recovery period the circadian
rhythm of MA and BT of flight and synchro-
nous animals was hardly discernible in the
first two and restored only during the
third-fourth observation days.

Similar results were obtained with
respect to the circadian variations in the
urine, hydroxyproline and electrolyte ex-
cretion.



The study of circadian variations in
the excretion of fluid, Ca, Na, K, phos-
phates and hydroxyproline postflight are
discussed in the paper by Kwarecki et al
(7).

As minute rhythms are concerned, the
following results have been obtained. Pre-
flight, at the time of maximum activity
the amplitude was lower and the period of
minute rhythms was shorter than at the
time of minimum activity (ct = 3.6 min,
mt = 3.7 min at the maximum, and ct = 5.3
min, mt - 5.3 min at the minimum).

From the minute rhythms of vivarium
animals it followed that parameters of
rhythms of the range corresponded to the
inverted day-night cycle on day 14 after
inversien (this time period coincided with
the day of examination of flight animals
on the 5th day postflight).

Further examinations carried out with
a 5 day interval demonstrated progressive
stabilization of minute rhythm processes
and a trend for an emergence of multiplica-
tive waves. The maximum-minimum differ-
ences persisted, thus indicating a normal
relationship between minute rhythms and
appropriate phases of the circadian rhythm.

On the 5th post-test day, flight and
synchronous rats showed significant disor-
ders in the minute rhythms of both phases
of the circadian cycle. At the minimum
activity the values ct and mt were very
similar to those typical of the maximum
activity phase. A similar situation may
occur (5) after transition from alternating
day-night cycle to constant darkness (dis-
appearance of periodicity, phase inversion,
demultiplication of wave length). However,
15 days post-test minute rhythms in the
synchronous animals returned to the normal
and did not differ from those in vivarium
controls. On the 15th postflight day the
flight animals only started to get tuned
to the day-night cycle which was a continu-
ation of the inverted (on flight day 10)
light-dark cycle. Nevertheless, this in-
volved only the phase which corresponded
to the minimum activity, whereas at the
maximum stage periodicity was still lack-
ing.

Figures 3A-C demonstrate changes in
minute rhythms of flight, synchronous and
vivarium rats shown by the autocorrelation
function.

It can be inferred from the experi-
mental data that weightlessness did not
exert an adverse effect on the formation
and stability of circadian rhythms of rats
inflight. The rate with which the phase of
the circadian rhythm of motor activity and
body temperature drifted after the day-
night inversionwas in fact normal. It is
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Fig. 3.

Autocorrelation function of motor
behavior parameters (ct and mt,
minute rhythms) for one of the
animals in flight (3A), synchro-
nous (3B) and vivarium (3C) groups

probable that weightlessness, being an
additional stressor that was absent in the
synchronous animals, somehow helped to
accentuate circadian rhythmicity.



After flight and synchronous experi-
ments circadian and minute rhythms changed
in both animal groups. In this context,
the fact that both experiments were com-
pleted during the phase drift which contin-
ued after day-night inversion should not
be ignored. However, physiological loads
associated with adaptation to weightless-
ness and readaptation to 1 g upon return
to Earth of flight animals were responsible
for more stable changes in their biorhythms

as compared to synchronous rats.
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RHYTHMS OF ELECTROLYTES AND HYDROXYPROLINE EXCRETION IN URINE OF RATS AFTER
THREE WEEKS OF WEIGHTLESSNESS / BIOSATELLITE COSMOS-1129

K.Kwarecki, H.Debiee, Z.Koter

Institute of Aviation Medicine
01-755 Warsaw,Krasinskiego 35k4.

ADBSTRACT: Investigations were Sarried
out on rats subjected to a 180 light-
dark phase shift within 10 days of
spaceflight.On the third,eighth and
thirteenth day after landing the fo-
llowing rhythms were determined:urine
volume,excretion of sodium,potassium,
calcium,phosphate and hydroxyproline
with urine.All rhythms studied in the
urine in control groups were synchro-
nized within 13 days after being sub-
jected to the inverted lighting sche-
dule.In postflight animals the cir-
cadian rhythms of diuresis,sodium and
potassium excretion with urine were
synchronized to the new lighting re-
gimen whereas the others variable were
not phase-shifted even within 23 days
period. Our results suggest that the
synchronizing effect of the light-dark
cycle under space conditions was week-
ened.

INTRODUCTION

Some earlier chronobiological inves-
tigations have demonstrated that some de-
gree of dissotiation of cireadian rhythms
take place during spaceflight / 2,4 /.

Since direct measurments of many bio-
chemical parameters during a spaceflight
is technically very difficult,some indi-
rect data on the state of synchronization
can be obtained from studies of inversion
rate an organism to a new phase of the in-
ternal synchronizer.

The purpose of this study was to des-
cribe ability of organism to inversion in
the excretory rhythms of electrolytes and
hydroxyproline in response to a 180%°chan-
ge in photoperiod during spaceflight.

MATERTAL AND METHODS

The experiments were carried out in
two stages.
I. In the first stage the rate of resyn-
chronization of electrolytes and hydroxy-
proline exeretion were determined after
changing the light-dark phase.These in-
vestigations were carried out on 12 male
sexually mature SPF rats. The animals we-
re kept under 12/12 light-dark conditions

/L 6.00-18.00/ food and water were avail-
able ad libitum.Urine samples were collec-
ted at 4-h intervals during 24-h period
every other day. After 2 weeks the light
phase was delayed by 12 hr and during the
following 2 weeks urine samples were col-
lected as before. In urine samples follow-
ing parameters were determined: volume,
sodium,potassium,caleium,phosphate and
hydroxyproline. The urine sodium and po-
tassium concentrations were measured using
a flame photometer.Calecium concentrations
were determined by Corning analyser,phos-
phate by turbidymetry /kit made by Serva
Heidelberg /,hydroxyproline by the method
of Woessner / 14 /.

ITI. In the second stage of the experiment
15 male sexually mature SPF rats were
used. Animals were divided into three
groups: control groups vivarium and syn-
chronie and postflight group,with 5 rats
in each group.For 3 weeks before experi=-
ment animals were kept under light-dark
cycle 12/12 /L 09.00-21.00 /.The same
light=-dark regimen were maintained during
the first 10 days of spaceflight and in
both econtrol group. Then the light phase
was delayed by 12 hr on the Earth and in
the biosatellite / L 21.00-09.00 /. In

the synchroniec experiment the animals re-
mained in a dummy spacecraft under con-
ditions identical as during spaceflight
with the exception of weightlessness.After
19 days of flight the animals returned to
the Earth.On the 3rd, 8th and 13th day of
the postflight period urine samples were
collected from all animals starting from
21.00 at 4-h intervals for 36-h period.
The conditions of experiments have been
described in detail by Klimovitsky et al

/ 7 /.The urine samples were kept in plas-
tic vials at =109C.Urine analysis were as
in the first stage of the experiment.

The results odtained in both experi-
ments were subjected to statistical ana-
lysis: to each series of results a best-
fitting curve was found with the least
square method.For each animal mean 24-h
value,amplitude and acrophase were calcu-
lated.These parameters were evaluated in
different groups in the cosinor circle/5/.
When determination of the confidence in-
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terval was impossible /error ellipse over-
lap the centre of the circle/ the ampli-
tude and the acrophase was calculated for
individual animals and on summary graphs
the time range for .individual acrophases
was shown.

RESULTS

In the first stage of the experiment
statistically significant /p<0.05/ group
circadian rhythms of electrolytes and hy-
droxyproline excretion were detected by
mean cosinor.All rhythms studied in the
urine were relatively stable therefore
only data from one 24-h period are sum-
marized in Fig 1 and 2.After 2 weeks of
lighting shift acrophases of urinary ele-
ctrolytes and hydroxyproline excretion re-
turn' to their normal position which indi-
cate a nearly complete rephasing to a 1800
change in photoperiod.Circadian timing of
acrophases are shown in Fig 1 and 2.

In the second stage of the experiment
statistically significant /p&0.05/2k-h
individual rhythms of electrolytes and hy=-
droxyproline excretion were detected in
all rats. However statistically signifi-
cant group rhythms were found by mean co-
sinor only for sodium excretion in syn-
chroniec control and for potassium execre-
tion in postflight on the 8th day. Cir-
cadian acrophases of urinary constituents
have been found to be stable throughtout
all period of the experiment in the viva-
rium and synchronic control groups.Aware
of what only the results of the first in-
vestigation are shown in Fig 1 and 2.

In the postflight group circadian pat-
tern changed during succesive days. Fig.1
demonstrates that during postflight pe=
riod the rhythms of urine volume,excre-
tion of sodium and potassium adjusted
their phase to light-dark cycle. Only on
the 8th day after recovery slight movement
of the acrophases to light period can be
seen.But finally on the 13th day they
shifted back into the normal position and
rhythms became identical with those obser=
ved in control groups.

The acrophases for urinary calcium
occuring in normal position i.e.near the
light-dark transition was observed only
on the Bth day. On other experimental days
the acrophases appeared in the wrong time:
on the 3rd day in the middle of light pe-
riod and on the 13th day in the second
part of dark period / Fig.2 /.

Reverse data were found for urinary
phosphate rhythm. The acrophases properly
ad justed to the light-dark cycle on the
3rd and on the 13th day i.e. they occured
near the beginning of light phase. On the
8th day the acrophases lost its coupling
with light regimen and occured in the
other part of light phase / Fig.2 /.

The acrophases for urine hydroxypro-
line were found in the normal position
i.e. at the end of dark phase during the

S-35

first postflight experiment,but after mo-
re prolonged observation / on the 13th
day / it shifted to the beginning of the
dark phase./ Fig.2 /.On the 8th day the
acrophases for hydroxyproline were dis-
persed on the whole night-day period so
no time range for acrophases were demon-
strated in Fig. 2.
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Figure 1. Urinary volume,sodium and potas-

sium acrophases in rats.

Upper part-the-first
the experiment.

The rhythmic pattern
inverted 180° within 14 days
after subjecting the animals to
the new light-dark cacle.

stage of

was nearly

Lower part- the second stage of
the experiment.

Both control groups-data from
one 24-h period after 13 days
of the lighting inversion.

The timing of acrophases in
postflight group is comparable
with vivarium and synchronic
control groups.

Solid line-confidence interval
for group acrophases

Dotted line- time range for in-
dividual acropha-
ses.
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Figure 2. Urinary calcium,phosphate and
hydroxyproline acrophases in
rats.

Upper part-the first
the experiment.

The rhythmic pattern was nearly
inverted 180° within 14 days
after subjecting the animals

to the new light-dark ecyecle.

stage of

Lower part-the second stage of
the experiment.

Both control groups-data from
one 2bh period after 13 days
of the lighting inversion.
Note that the timing of acro-
phases in postflight groups
are unstable.

Solid line-confidence interval
for group acrophases

Dotted line-time range for in=-
dividual acrophases

DISCUSSION

Our results suggest that spaceflight
may strongly modify the synchronizing ef-
fect of phase-shifted light-dark cycle on
investigated variables of the rat circa-
dian system.It is accepted that the rhyth-
mic pattern of normal functions in the ro-
dent is effectively synchronized by the
light-dark cycle / 6,12 /. In the first
stage of the experiment we found that the
electrolyte and hydroxyproline excretory
rhythms were already synchronized to 180°
change in photoperiod after 2 weeks of ac-
climatization.Therefore the second stage
of our experiment began on the 13th day
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after reversal light-dark eycle,that is
at the time when resynchronization should
have been completed.In fact,in both con-
trol groups the rat's system were comple-
tely phase shifted by the new lighting
schedule,vwhereas in postflight they were
not and still 10 days later the postflight
group showed disorganization of the nor-
mal renal rhythms pattern. O0f all rhythms
studied in the urine duresis and excre-
tion of sodium and potassium were synchro-
nized to the new lighting regimen apart
from slight disturbances in the middle
period. The excretory rhythms of calecium,
phosphate and hydroxyproline appeard to
be the most unstable:from one investiga-
tion to another we observed remarkable
changes in the phasing of its circadian
pattern.Furthermore,the mutual coupling
among these urinary rhythms were distur-
bed.The usual timing of acrophases for
calecium exeretion is about 180%ut of
phase to the excretion of phosphate and
hydroxyproline however the rhythms of
calcium and phosphate excretion in the
postflight rats were always parallel wit-
hout a phase shift. The rhythms of phos-
phate and hydroxyproline execretion which
were coupled to each other during initial
part of postflight period were decoupled
in the end.This might be an evidence of
persisting disturbances in the functions
of the bone tissue,both of its mineral
and organic components.Detailed investi-
gations carried out during spaceflight
demonstrated that due to the reduced rate
of tissue formation the excretion of cal-
cium and hydroxyproline inereased.Increa-
sed excretion of nitrogen and phosphate
on the other hand,reflects muscular tis-
sue atrophy.The loss of mineral substan-
ces never exceeded the tolerance level
and all changes were reversible after re-
turn to normal conditions / 11 /.There-
fore it seems that the observed distur-
bances in the rhythms of caleium,phospha=-
te and hydroxyproline may be due to delay
in resynchronization.

Now,it is accepted at least for some
rhythmic variables of rodents that dif-
ferences in the synechronizing effects of
an inverted light-dark cycle are strongly
dependent on season,sex and strain / 8,9 /.
On the other hand it is well known that
some rhythms are modified in their pha-
sing,amplitude and 24-h mean value by se-
ason,strain and sex / 8,9 /.Other authors
observed the quicker return prereversal
circadian pattern of locomotor activity
in rats treated with antidepresant drug.
These data were discussed in connection
with observations of disturbed cirecadian
rhythms in depressed patients / 1 /.These
findings indicate that the time required
to adjust the biological clock of animals
correlates with the state of rhythmie
integration required for the obtainment
of relevant experimental results.



Hormonal rhythms are usually assumed
to be a major pacemaker for circadian
rhythms of renal excretion / 10 /.Some
data documented that bedrest simulation
of weightlessness caused marked internal
hormonal asynchrony / 13 /. Also environ-
mental stressors are known to influence
the rates of secretion of hormones / 3 /.
It is possible that loss of normal hormo=-
nal circadian periodicities in mediating
system may account for the failure of the
ad justment rate. Therefore it may be con-
cluded that under spaceflight conditions
the couplings between different oscilla-
tors were weakened to such a amount that
the synchronizing effect of light was
very weak too.
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ULTRASTRUCTURAL QUALITATIVE AND QUANTITATIVE EVALUATION OF CYTOPLASMATIC
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ABSTRACT

Ultrastructural morphometrical examina-
tions of some cytoplasmatic structures
from heart muscle of rats flight on board
of biosputnik Kosmos 936 were carried out,
Two groups of animals were examined; one
living in weightlessness conditions and
the second in weightlessness with artifi-
cial, centrifuge induced gravity.

In both groups of animals the following
was observed; changes in the structure of
mitochondria, smooth endoplasmatic reti-
culum and miofilaments as well as in
glycogen content, Artificial gravity on
space craft does not prevent changes in
rat heart muscle.

INTRODUCTION

In earlier studies performed on animals
completing space flights, disturbed func-
tions and changes in the structure of some
organs /1,2,3,4,5,6,7/ were stated. Some
authors attribute the said changes to
weightlessness. Histological examinations
on animals completing space flights did
not reveal substantial morphological chan-
ges in heart muscle, although hemodynamic
disturbances are known to occur in weight-
lessness.,Therefore it seemed advisable to
perform ultrastructural gqualitative and
guantitative examinations of heart muscle
cells in animals completing space flight
in weightlessness conditions and find out
whether artificially induced gravity pre-
vents conceivable changes.

MATERIAL AND METHOD

The studies were performed on SFF rats

completing 21-day space flight aboard bio-

sputnik Kosmos 936. Experimental animals

were divided inte two groups staying in

the following conditions:

a/ weightlessness

b/ weightlessness with artificial, centri-
fuge induced gravity.

Control constituted:

a/ group of animals staying on earth in
limited mobility. They were twice expo-
sed to accelerations, vibrations and

noise of the same parameters as those occu-

rring during the take off and landing of

spacecraft /synchronous experiment/,

b/ group of animals staying in proper labo-
ratory conditions /control/.

There were five animals in each experimen-
tal and control group. Immediately on lan-
ding, heart tip’s samples were taken for
study from each experimental and control
rat. Material for electron microscopy was
prepared by standard method.

Morphometric analysis was carried out on

electronograms basing on stereologic met-

hods adapted to electron microscopy stu-

dies /8/0

The following parameters of heart muscle

cells cytoplasmatic structures were eva-

luated;

1. Relative volume of mitochondria and
smooth endoplasmatic reticulum.

2. Average number of mitochondria gnd gly-
cogen grains profiles in 100 um® of
heart muscle cells section area.

In each group a random sample of 75 elec-

tron microscopic pictures were selected and

analysed. Thus obtained results were stati-
stically processed basing on single factor
variancy analysis.

RESULTS AND DISCUSSION

Stereologic evaluation of relative volume
of mitochondria revealed decrease of its
value /in relation to control and synchro-
nous experiment/ in both groups of animals
completing space flight /Table I/. The di-
fference between the two experimental gro-
ups was not statistically important.

In both groups of animals completing
space flight also statistically important
decrease of relative volume of smooth en-
doplasmatic reticulum as related to con-
trol and synchronous experiment was stated.
The difference between the two groups of
animals following space flight was not
statistically important.

Evaluation of average nymber of mitochon-
dria profiles in 100 um“ of heart muscle
cells section area /Table II/ showed their
decrease /in relation to control and syn-
chronous experiment/ in both groups of
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animals completing space flight. Statisti-
cally important differences between the

two groups of experimental animals were not
found.

TABLE 1
Relative volume /%/ + SE of mitochondria and smooth endoplasmetic
reticulum in heart muscle cells in rats completing space flight

aboard biosputnic Kosmos 936,

Conpro1 | gmenroncus
P weightlessness weightlessness
with centrifuge
Hluetiorlrie 43.2 # 1,76 | 44,7 + 1,51 | 36.5 + 1,51 X | 37,05 + 1.66 X
Smooth endoplasmatic
reticulum P 1.76 + 0.09 | 1.84 + 0,15 1.45 + 0.09 ¥ 1.45 + 0,11 ¥

x/ Statistically important difference from control at r€0.05

TABLE
Average n
in 200 umgm

2

ber of + SE mitochondria and glycogen grains profiles
of heart muscle cells section area in rats after space

flight aboard biosputnik Kosmos 936,

Control

Synchronous
experiment

Space flight
weightlessness

weightlessness
with centrifuge

Mitochondria
Glycogen grains

53.83 & 2.17
1461 + 175

55.86 + 2.08
1128 + 158

34,26 + 1.62%
1688 + 162

38,66 + 1.72 ¥
2512 + L22%

X7 Statistically important difference from control at p<€0.05

Analysingévergge number of glycogen
grains in 100 um“ of heart muscle cells
section area, a statistically important in-
crease in rats completing space flight in
artificially induced gravity was observed.
In qualitative studies, in both groups af-
ter space flight, along with normal ultra-
structural picture, sometomes were observed
changes consisting in:damaged mitochindria
abnormal setting and miofilaments atrophy.
On the basis of ultrastructural gualitative
and quantitative analysis of cell organe-
lles, conclusions concerning functional
state of the organ can be made.

Decrease of the mitochondrial fraction and
the number of their profiles, as well as
gualitative changes of these arganelles
found in the cells in both groups of ani-
mals completing space flight, can be the
result of degeneration processes leading
to decay of the discussed structures.

It can disturb oxydoreduction processes in
heart muscle cells of the studied animals.

In animals experiencing space flight in
artificially created gravity, along with
changes in mitochondria, accumulation of
glycogen was observed., It seems to indicate
additional glycogenclisis disturbances in
this group of animals.

Chenges in transmission and transport of
ions through cell membrane as well as hemo-
dynamic disturbances may result from decre-
ased relative volume of smooth endoplasma-
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tic reticulum noticed in rats comrleting
space flight both in weightlessness and in
artificially obtained gravity. In this
study, also gqualitative changes in the stru-
cture of miofilaments i.e. contraction appa-
retus in cells, were observed, These chan-
ges were of focal nature. It is worth no-
ting that in earlier histologicel examina-
tions /6/ obvious changes in the structure
of heart muscle cells of animals in weight-
lessness conditions during space flight were
not observed. It must be emphasided that
artificially induced gravity /with centri-
fuge/ did mot prevent changes observed in
animals in the state of weightlessness du-
ring space flight.
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BODY COMPOSITION OF RATS FLOWN ABOARD COSMOS-1129
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Studies of body composition of certain
animal species exposed to various chronic
effects (G.C. Pitts, 1956, 1973, 1977,
1978; G.C. Pitts, L.S. Bull and J.A. Oyama,
1972; 1975; G.C. Pitts, L.S. Bull, 1977;
J.P. Hannon, G.B. Roger, 1975; N. Pace,
D.F. Rahlmann, A.M. Kodama and A.H. Smith,
1977) have demonstrated that in adult ani-
mals the composition of lean body mass re-
mains unaltered whereas that of adipose
tissue varies. There are data indicating
gravity dependence of changes of total body
mass and individual components (lean body
mass, fat, water) (G.C. Pitts, L.S. Bull and
J.A. Oyama, 1972).

Body composition was studied in ani-
mals after an 18.5-day flight on Cosmos-
1129 (Flight Group - F), after a synchro-
nous ground experiment for which the mis-
sion was duplicated as closely as feasible
but at terrestrial gravity (Synchronous
Control Group - S), and in animals which
were housed and maintained under standard
vivarium conditions
The three groups consisted of five rats
each. These were male, Wistar derived spe-
cific pathogen free, approximately 84 days
of age and 270-320 g body mass; they were
obtained from the nursery of the Institute
of Experimental Endocrinology of the Slo-
vakian Academy of Sciences, Bratislava,
Czechoslovakia.

During flight and synchronous experi-
ment the rats were individually housed in
cylindrical cages~ 20.8 cm long and~ 9.5 cm
in diameter. Each cage had feeding and
watering devices, a lighting system, and a
waste management system attached. Five
cages were operationally combined to form
a unit. The light period lasted 12 hours -
from 8 a.m. to 8 p.m. Moscow time. Every
day the rats were fed 40 g of a balanced
paste diet of a caloric value of 68.7 Ccal
given in 4 equal portions at 6-hour inter-
vals.

All rats were started on the flight
10 days prior to launch (L). At L+6 flight
simulation for the S Group was initiated on
the ground.
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(Vivarium Controls - V).

The Vivarium Control rats were housed
three per cage. V Group contained 100 ani-
mals. They were kept on a 12 hours light:
12 hours dark cycle. The rats received the
same paste diet as F and S Groups but in
one portion (at 9 a.m.).

At L+18.5 days and 32 hours after re-
covery the rats were killed by ethyl ether
inhalation and dissected following the pro-
cedure developed at the Environmental Phys-
iology Laboratory, Berkeley, California,

USA. The animals were dissected into: body
mass, net body mass (live mass less fur and
gastro-intestinal and bladder contents),

skin mass, musculo-skeletal system mass
(eviscerated carcass + tail) and all viscera.

In skin, musculo-skeletal system and
sum of viscera, water content was measured
by means of lyophilization and fat content
by means of continuous extraction by petro-
leum ether in a Soxhlet apparatus. All body
parts, in dried and fat-free form were re-
duced to fragments with the aid of Wiley
mill and were carefully mixed. In dry fat-
free mass, nitrogen was measured by Kjeldahl-
Convey procedure; phosphorus was assayed
colorimetrically; potassium and sodium by
means of emission spectrometry of flame; cal-
cium and magnesium by the atomic absorption
spectrometry method; creatine according to
the Folin procedure in a modification of
Grunbaum and Pace.

Prior to launch, the weight of rats in
all groups was approximately equal. During
18.5 days the flight animals gained on an
average 43 g, S rats - 62 g, and V rats -
60 g. Body mass of F rats was smaller than
that of S rats by 15.8 g and of V rats by
14.0 g.

Studies performed 32-37 hours after re-
covery showed changes in masses of body and
organs. In F animals, there was a signifi-
cant decrease in net body mass (body mass
less masses of fur, gastro-intestinal and
bladder contents), masses of skin, spleen
and an increase of mass of kidneys as com-
pared to the parameters in S rats expressed
in grams (Table 1).



As compared to V animals, F rats show-
ed a significant decrease of skin mass and
an increase of mass of viscera due to a
significant increase of masses of abdominal
fat, GI tract, liver, neck glands and kid-
neys.

Synchronous Controls exhibited an ap-
preciable increase of viscera mass due to
increases of abdominal fat, GI tract, gen-
italia, and neck glands as compared to the
Vivarium Controls.

Both Flight and Synchronous rats
showed a slight decrease of mass of the
musculo-skeletal system (eviscerated car-
cass + tail). This decrease did not
achieve statistical significance but was
more distinct in F rats (Table 1).

The mass of body components expressed
as a percentage of total body mass gives a
better idea of the changes observed.

Both flight and synchronous experi-
ments resulted in a decrease in mass of
musculo-skeletal system, and an increase
of masses of abdominal fat, GI tract, and
neck glands. Flight conditions as compared
to those of synchronous and vivarium con-
trols were responsible for a decrease of
skin and spleen masses, and an increase of
liver mass. The increase of kidney mass
in Flight Group animals was significant
only in comparison with Synchronous Con-
trols.

As mentioned above, masses of net and
skin in the F rats were less than in the S
rats. This was due to a significant de-
crease of the fat-free (lean) mass and wa-
ter in skin and eviscerated carcass of the
F rats. Percentage of water in total lean
mass of the body, skin and carcass of the
F rats was also significantly lower than
in the S rats (Table 1).

As compared to Vivarium Controls, F
rats showed still larger losses of total
body water and, accordingly, lean mass both
in the skin and in the carcass. 1In this
case fresh body mass did not decrease due
to a two-fold increase of fat content and,
consequently, a significant increase of
dry mass. Fat content increased signifi-
cantly in skin, carcass, and viscera, the
rise being the greatest (2 times) in car-
cass and viscera.

The rats of Synchronous Controls also
exhibited a significant accumulation of fat
and, accordingly, dry mass as compared to
the Vivarium Controls. However, fat-free
mass (lean) decreased since water content
in the body lowered. Water losses occurred
only in the musculo-skeletal system. The
increase of fat content was significant for
all components - skin, viscera, and evis-
cerated carcass.
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Bioassays of the homogenate of fat-
free dry mass of the whole animal body for
nitrogen, creatine, phosphorus, calcium,
magnesium, potassium, and sodium revealed
some changes. For instance, the content
of tissue creatine, phosphorus, and cal-
cium in F rats decreased as compared to
that in Synchronous Controls (Table 1).

In comparison to the Vivarium Control
Group, these parameters of F rats varied
in a similar manner but to a lesser extent.

F rats versus S rats showed a signif-
icant decline of the corrected live mass
(body mass less fur, GI and bladder con-
tents), lean body mass, water, creatine,
phosphorus and calcium.

In F rats as compared to the Vivarium
Controls the decrease of lean mass and
water was more significant and fall of cre-
atine content in the lean mass was less
marked. The fat content in the body al-
most doubled, and the level of phosphorus
and calcium decreased. Due to a signifi-
cant increase of fat, losses of corrected
live mass were less pronounced.

As in the case of F rats, in S rats
the content of lean body mass decreased,
although to a lesser extent, and fat con-
tent increased. Because of a less dis-
tinct decrease of lean mass and a signifi-
cant increase of fat, the corrected live
mass of these animals increased slightly.
Creatine content in lean body mass was
larger than in V rats, and phosphorus and
calcium level was lower.

The comparison of F rats with V group
makes it possible to evaluate the influence
of a combined effect of weightlessness and
non-gravitational factors involved in the
mission on the body composition. The ani-
mals differed markedly in high content of
fat in all components of the body; in in-
creased wet and dry masses of the viscera,
especially of abdominal fat, GI tract,
liver, kidneys, and neck glands; in de-
creased total body, skin and musculo-skel-
etal system masses, their fat-free dry
mass and water; in decreased quantities of
creatine, phosphorus and calcium in the
lean body mass. Thus, the combined effects
of weightlessness and non-gravitational
factors associated with space flight re-
sulted in more significant changes of body
composition in the animals than the effect
of these factors taken separately.

The comparison of S and V groups em-
phasizes the effect of non-gravitational
factors involved in the mission on the
body composition. The content of fat in
the skin, musculo-skeletal system and es-
pecially in the viscera in S rats was sig-
nificantly higher than in V. 1In S rats
masses of the viscera, their dry mass, and



TABLE 1.

Summary of Cosmos=1129 K-316 Rat Body Composition

Results
Flight Synchronous Flignt
Rats Rats ¥ins %
Synchro-
nous
n=5 n = Mean Mean
Mean C.V, Mean C.V. Difference Difference P

Total Body Mass, g 349,06 3.8 358.86 1.7 -9.80 2.7 0.17
Net Body Mass, g 331.38 3.0 344,68 1.0 =13.30 -3.9 0.024
Carcass Mass, g 182,64 5.0 189.91 0.7 =T«27 -3.8 0.12
Viscera Mass, g T2.60 5.1 T0.50 Be3 +2.10 +3.0 0.40
Skin Mass, g 52.94 5.0 60.14 4.7 =T.20 =12.0 0.003
Body Fat Mass, g 59.74 6.7 56433 13.4 +3¢41 +6.0 0.40
Carcass Fat Mass, g 19.67 7.1 17.T0 2046 +1.97 +1141 0.29
Viscera Fat Mass, g 25.71 9.5 23.70 13.3 +2.01 +8.4 0.29
Skin Fat Mass, g 14.36 23.3 14.93 9.6 -0.57 =3.9 0.73
Fat-Free Body Mass, g 271.64 4.5 288.35 2.9 =16.T1 ~5.8 0.036
Fat-Free Carcass Mass, g 162.97 5.6 172.21 2.6 -9.24 =5.4 0.074
Fat-Free Viscera Mass, g 46.89 6.8 46.80 2.9 +0.09 +0.2 0.96
Fat-Free Skin Mass, g 38.58 4.4 45529 8.1 -6.63 =4.6 0.006
Dry Fat-Free Body Mass, g T6.11 4.4 78.80 3.5 -2.69 -3.4 0.21
Dry Fat-Free Carcass Mass, g 5122 544 52.61 3.4 -1.39 -2.6 0.37
Dry Fat-Free Viscera Mass, g 11.95 4.3 11.96 2.0 -~0,01 -C.1 0.95
Dry Fat-Free Skin Mass, g 1294 5.4 14.23 8.2 -1.29 -9.0 0.068
Body Water Mass, g 195.53 4.6 209.55 2.7 =14.02 -6.7 0.018
Carcass Water Mass, £ 11175 BHal 119.60 2.3 -T7.85 -6.6 0.035
Viscera Water Mass, g 34.94 T.9 34.84 3.4 +0.10 +0.3 0.94
Skin Water Mass, g 25.64 4.3 30.98 8.2 =5.34 -17.2 0.003
Carcass Water Fraction 0.5713 1.6 0.,5708 1.5 +0.0005 +0.1 0.93
Viscera Water Fraction 0.1787 5.9 0.1663 2.8 +0.0124 +Te4 0.044
Skin Water Fraction 0.1313 5.3 0.1477 5.5 =0.0164 =11.1 0.009
Body Protein (Nitrogen) Mass,g 58.94 4.9 60.21 3.6 -1.27 -2.1 0.45
Body Cell (Potassium) Mass, g 206.25 5.4 190.52 6.6 +15.73 +843 0.069
Body Magnesium Mass, g 0.117 3.1 0.119 11.5 =0.002 -2.0 0.72
Intracellular Water Mass, g 150.56 5.4 139.08 6.6 +11.48 +8.3 0.069
Extracellular Water lMass, g 44.97 17.4 TO.47 6.8 -25.50 =36.2 0.001
Body Sodium Mass, g 0.290 4.8 0.327 3.1 =0.037 -11.3 0.001
Body Bone Mineral(Calcium) Mass

g 8437 TaT 10:.75 10.5 -2.38 -22.1 0.003
Body Phosphorus Mass, g 1.98 T.5 2.29 12.9 -0.31 =13.5 0.071



fat-free dry mass were larger than in V 8.
rats. This was associated with an increase

of abdominal fat, GI tract, and neck glands.
Also, values of lean body mass and musculo-
skeletal system in S rats were smaller than

in V rats. This was due to a reduced con- 9.
tent of water and fat-free dry mass. The

content of creatine in fat-free dry mass

was higher and that of phosphorus and cal-

cium was lower.

Based on the data obtained an infer-
ence can be made that the comparison of
body composition in F and V groups is of
particular interest because it allows dif-
ferentiation of weightlessness effects.

As a result of an 18.5-day exposure to
weightlessness the weight gain in rats was
significantly lower. F rats had smaller
lean body mass, smaller skin, musculo-skel-
etal system (eviscerated carcass), and
spleen masses. There was a significant in-
crease of liver and kidney masses. F rats
and S rats differed mainly in the lower
content of water, especially in skin and
musculo-skeletal system. Mention should be
made of larger kidneys and smaller spleens
in F rats, since these organs can be re-
garded as fat-free components. In fat-free
dry mass there was a decreased content of
creatine, phosphorus and calcium. These
are preliminary data which need further
study.
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STRESS IN SPACE FLIGHT:

METABOLIC ASPECTS
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INTRODUCTION

Long-term space flight involves a num-
ber of stress-effects affecting the endo-
crine system and biochemical processes in
tissues. Studies of the major physiologi-
cal systems of rats flown aboard biosatel-
lites of the Cosmos series demonstrated
their adaptive capabilities to prolonged
weightlessness.

At the same time the studies showed
structural and functional signs of activa-
tion of the hypothalamic-hypophyseal adre-
nocortical system induced by space flight
factors and rapid return to 1 g.

In order to identify the stress reac-
tion associated with a prolonged exposure
to weightlessness, various stress indica-
tors (concentration of catecholamines and
activity of enzymes involved in their
metabolism in adrenals, hypothalamus, myo-
cardium and blood, hormone content in blood
and enzyme activity in the liver) were
investigated in different organs and tis-
sues of rats flown for 18.5 days on Cosmos-
936. The peculiar feature of the flight
program was an experiment to study biologi-
cal effects of artificial gravity generated
by a centrifuge mounted aboard the biosat-
ellite.

METHODS

Studies were carried out on male
Wistar-SPF rats weighing 215 ¥ 5 g. Rats
were housed in small cages - rat per cage -
at 20-22°C, kept on a 12 hr:12 hr day:night
cycle, and fed four times a day. A compre-
hensive description of flight details was
reported in (8). Rats were sacrificed by
decapitation, blood withdrawn, and then as
soon as possible myocardium, adrenals,
hypothalamus and liver were removed, frozen
in liquid nitrogen and shipped to the labo-
ratory for further analysis. Blood was
analyzed for the content of corticosterone
(B) (1), epinephrine (E) and norepinephrine
(NE) (20), ACTH and testosterone (RIA);
myocardium was examined for the total con-
tent of catecholamines (CA) (3), activities
of dopamine-f-hydroxylase (DAH) (16), mono-
amine oxidase (MAO) (24) and catechol-o-
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methyl transferase (COMT) (25); adrenals
analyzed for the CA content (5), B produc-
tion (22), activities of DfH (16) and tyro-
sine hydroxylase (TH) (17); hypothalamus
was examined for NE content (3), activities
of DBH (21), TH (21) and MAO (24); and liver was
studied for activities of tyrosine amino-
transferase (TAT) (4), tryptophan pyrolase
(TP) (7), fructose-1,6-diphosphatase (FDP)
(23), glucose-6-phosphatase (G6P) (6),
aspartate aminotransferase (ASAT) and ala-
nine aminotransferase (ALAT) (2). Measure-
ments were done in rats flown in the
weightless state (F), and rotated in the
onboard centrifuge (FC); used in the syn-
chronous experiment as such (S) and during
centrifugation (SC), and exposed to angular
velocities (A) and compared with vivarium
controls (C).

RESULTS

The NE content in plasma in F and FC
rats increased significantly 6 hours post-
flight as compared to vivarium and both
synchronous groups. It is interesting to
note that the NE content in plasma of
flight weightless and centrifuged rats grew
by the same value. The E concentration in
plasma of flight rats remained unchanged as
compared to vivarium controls; the only
significant difference was found between F
and S rats. 25 days postflight the CA
level in flight and control rats was simi-
lar but surprisingly increased in all con-
trol groups (Fig. 1).

The ACTH level was similar in flight
rats as compared to the controls both at
R+ 0 and R + 25. Accordingly, F rats did
not show changes in B production in vitro
from the controls. The adrenal reaction to
ACTH was also similar in flight and control
animals.

At R + 0 the B content in plasma of F
rats increased in comparison to that in FC
and control rats. At R + 25 this parameter
was identical in both flight and control
animals and was increased in A rats (Fig. 2).

The testosterone level in plasma of
flight animals did not differ from the con-
trols at R + 0 or R + 25.
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Fig. 1. Norepinephrine (NE) concentration
in plasma of Cosmos-936 rats
F - flight weightless rats;
FC - flight centrifuged rats;
S - synchronous rats;
C - vivarium controls;
A - rats exposed to angular accel-
eration
- synchronous data;
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Fig. 2. Corticosterone (B) concentration

in plasma of Cosmos-936 rats.
For designations see Fig. 1.

Both flight groups - weightless and
centrifuged - did not show any changes in
the E content in the adrenals as compared
to the controls immediately and 25 days
postflight (Fig. 3). Measurements of NE in
the adrenals of flight and control groups
yielded similar results. Activities of CA-
synthesizing enzymes (TH and QﬁH) in the
adrenals of flight rats at R + 0 and R + 25
postflight remained unaltered in comparison
to the controls.

The NE concentrations in the hypothal-
amus of weightless and centrifuged flight
rats tended to decrease immediately post-
flight; the decrease being, however, insig-
nificant as compared to S, SC and C con-
trols. The NE concentration lowered sig-
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nificantly only in A group rats. The rats
sacrificed 25 days postflight did not show
any changes in this parameter (Fig. 4).
Activities of CA-synthesizing enzymes (TH
and DFH) as well as those of the degrading
enzyme MAO in the hypothalamus of flight
animals also remained unchanged.
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Fig. 3. Epinephrine (E) content in adre-
nals of Cosmos-936 rats. For
designations see Fig. 1.
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Fig. 4. Norepinephrine (NE) content in the

hypothalamus of Cosmos-936 rats.
For designations see Fig. 1.

Immediately postflight the CA concen-
tration in the myocardium of F and FC
groups was significantly increased as com-
pared to that of C and A rats and insignif-
icantly increased as compared to that of
synchronous S and SC groups. It should be
noted that CA concentration in the myocar-
dium of synchronous controls did not differ
from that of vivarium rats. 25 days post-
flight this parameter of both flight groups
returned to the control level (Fig. 5).
Activities of the CA-synthesizing enzyme
(DBH) and CA-degrading enzymes (MAO and
COMT) in the myocardium of flight rats at
R+ 0 and R + 25 did not differ from the
controls.

Immediately postflight hepatic activ-
ities of TAT, TP, ASAT, ALAT, FDP and G6P
of flight weightless rats increased as



compared to the vivarium controls and those
of flight centrifuged rats remained un-
changed. It should be mentioned that both
synchronous groups also showed increased
activities of ALAT and G6P probably induced
by manipulations to which the animals were
exposed. At R + 25 enzyme activities in
the liver did not differ from the control

level (Fig. 6).
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Fig. 5. Content of catecholamines in the
heart muscle of Cosmos-936 rats.
For designations see Fig. 1.
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DISCUSSION

Stress effects of space flight can be
reliably assessed through comparison of
flight results with the data obtained from
animals exposed to an acute or a repeated
stress, i.e. immobilization.

The major symptom of a stress reaction
of the animal body is activation of the
sympatho-adrenal system. During an acute
stress the E and NE content in plasma in-
creases; however, the level of this in-
crease depends on the blood withdrawal
technique: in immobilized rats killed by
decapitation the CA increase was 2-3-fold,
whereas in immobilized rats from which
blood was withdrawn by means of a special
artery catheter the increase was 40-80-fold
(15). The NE level in plasma of flight
rats increased 2-3 times as a maximum.
Bearing in mind the fact that Cosmos-936
rats were sacrificed by decapitation, more
significant changes in the CA content of
flight animals than actually seen could not
have been expected. The notion that decap-
itation per se is a strong stress agent is
supported by the following finding: the
content of E in blood of decapitated ani-
mals is several times higher than that of
NE, whereas in the catheterized blood the
proportion is just the opposite (15). To
discriminate effects of weightlessness per
se, a group of rats was exposed to artifi-
cial gravity throughout the flight of Cos-
mos-936. However, NE levels in plasma of
both - weightless and centrifuged - groups
did not differ and exceeded the control
values approximately 2.5 times. This data
gives evidence that the factor responsible
for an increased NE content in plasma was
not weightlessness as such but another
agent that influenced both weightless and
centrifuged rats or recovery manoeuvres
(the centrifuge generating artificial grav-
ity inflight was stopped several hours be-
fore reentry and landing and, therefore,
recovery manoeuvres were identical for both
groups). At the same time the manoceuvres,
being an acute stressor, should have acti-
vated the adrenal medulla; however, the E
content in plasma of flight rats increased
insignificantly. In repeatedly immobilized
and later decapitated rats the CA, mostly E
level in plasma grew significantly (14).
Nevertheless, weightless rats did not show
a greater level of E as compared to the
centrifuged animals. This data suggests
that a prolonged exposure to weightlessness
does not act as a stress agent for the sym-
patho-adrenal system.

TH activity in the adrenals as a sen-
sitive indicator of a repeated stress in
flight rats did not alter in any way. This
points to the fact that an 18.5 day space
flight produces no chronic stress effect.
The inference is supported by the finding
that TH activity in the adrenals increases



several times after chronic or repeated
stress effects (9,10,12): repeated immo-
bilization may result in a 3-4-fold in-
crease of TH and DJH activities in rat
adrenals (10,11). It can be obviously
postulated that at early flight stages TH
and DPH activities increased and at later
flight stages they returned to the normal,
i.e. developed adaptation. This, however,
seems very unlikely since the stress-
induced enhancement of the enzyme activity
brings about an increase in the protein
moiety of enzymes; besides, the thus
changed TH activity in the rats immobilized
7 times returned to the normal 14 days
post-test; this time period has a half-1life
of 3 days (10). It should be indicated
that TH and DRH activities in the adrenals
of weightless rats did not differ from
those of centrifuged animals. It can
therefore be asserted that weightlessness
did not induce changes in the adrenomedul-
lary system, and artificial gravity did not
have a target to be restored. Simulta-
neously, this data gives evidence that in
the course of space flight there was no
other long-term stressor because enzyme
activity in the adrenals remained unaltered
postflight. The CA content in the adrenals
of flight rats did not change either, thus
suggesting that prolonged weightlessness
does not act as a powerful stressor for the
adrenomedullary system.

Activation of the adrenocortical sys-
tem is another important indicator of a
stress-reaction of the animal body. How-
ever, the 18.5 day space flight did not
reveal any signs of adrenocortical activa-
tion in flight rats. 1In view of the fact
that the adrenal production of Bremained
unchanged postflight, it can be thought
that the increase in the B content in
plasma of weightless rats occurred also due
to a changed degradation of the enzyme.

Our findings demonstrated that a pro-
longed space flight, both in weightlessness
and artificial gravity, did not cause any
significant changes in the NE concentration
in the hypothalamus. It is known that an
acute stress results in a loss of CA in the
hypothalamus (13), whereas a repeated or
chronic stress leads to adaptation with no
further decline of CA in the organ (13).
Therefore, the invariability of the CA con-
centration in the hypothalamus of flight
rats can be interpreted in a dual way: a)
an 18.5 day flight is no stressor, and b)
by the end of an 18.5 day flight animals
develop adaptation which prevents detection
of any changes in the NE content in the
hypothalamus. Repeatedly immobilized rats
in which the NE concentration was already
similar to that in controls showed a sig-
nificantly enhanced activity of TH (13),
thus suggesting an increased synthesis of
CA in the hypothalamus of the adapted ani-
mals. This gave impetus to our measure-

ments of TH and DfH activities in the hypo-
thalamus of flight rats which, however, re-
mained unaltered. Our data gives evidence
that the NE content did not develop any
changes due to the fact that space flight
was no chronic stressor rather than due to
enhanced synthesis of CA. This concept
also finds support in the lack of changes
in MAO activity in flight rats, because
invariability of the CA concentration in
the hypothalamus is not a manifestation of
CA altered degradation.

The CA concentration in the myocardium
of flight rats increased significantly in
comparison to the vivarium control and in-
significantly in comparison to the syn-
chronous control, probably, due to the
limited number of rats used. It is inter-
esting to note that in Cosmos-782 rats the
increase in the myocardium CA content was
singificant as compared to both controls.
The increase in the CA content cannot be
ascribed to weightlessness effects because
it also occurred in centrifuged rats.
Therefore, the factor responsible for this
increase seems to be not weightlessness per
se but another space flight factor which
affected both weightless and centrifuged
rats in a similar fashion before and during
reentry. The increased myocardium CA con-
tent could have been attributed to changes
in CA metabolism but, in view of the invar-
iability of activities of DBH (CA-synthe-
sizing enzyme) and MAO and COMT (CA-degrad-
ing enzymes) in the myocardium, it can be
postulated that the increase was not in-
duced by an altered synthesis or degrada-
tion of CA in the myocardium; it was pre-
sumably brought about by an augmented up-
take or a reduced excretion of CA, or
altered properties of receptors, etc. In
any case, a change in the CA content in the
myocardium of rats postflight is indicative
of alterations in the function of the sym-
pathetic nerve and, probably, myocardium
itself in space flight. Our unpublished
data on rat immobilization has demonstrated
that an acute stress leads to NE losses,
while a repeated stress does not reduce NE
content in the myocardium. This invari-
ability of NE content in the myocardium of
rats repeatedly exposed to stress effects
seems to be a result of an increased CA
synthesis because the activity of CA-syn-
thesizing enzymes in the myocardium of
these animals was also enhanced. Compari-
son of this and flight data does not allow
the conclusion that prolonged space flight
can be considered as a well documented
stressor for the sympatho-adrenal system.

Our previous findings give evidence
that the hepatic enzymes whose activity
may rapidly increase (TAT and TP) are in-
dicators of an acute stress, whereas ASAT
and ALAT which need long-term glucocorti-
coid effects to be activated are indica-
tors of a chronic stress (18,19).



Immediately postflight increased activities
of TAT and TP, i.e. the enzymes requiring
short-term glucocorticoid effects, were
seen; this is suggestive of an acute stress
associated, presumably, with the biosatel-
lite recovery. At the same time increased
activities of ASAT, ALAT, FDP and G6P in
the liver of flight animals are indicative
of a chronic stress. This chronic stress
seems to be induced by the weightless state
because the centrifuged rats did not show
an increase in activities of any of the
hepatic enzymes tested.

In summary, it can be concluded that
the space flight of the above duration was
not a powerful stressor for the sympatho-
adrenal system; the data available speaks
in favor of an acute stress associated, in
all probability, with the biosatellite re-
covery, while an increase in activities of
ASAT, ALAT, FDP and G6P is the only con-
vincing evidence of weightlessness-induced
chronic stress to which rats were exposed
throughout the flight. The Cosmos-936
study has demonstrated a good adaptation of
animals to prolonged weightlessness alone
and to space flight effects on the whole.
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RESULTS OF MORPHOLOGICAL INVESTIGATIONS ABOARD BIOSATELLITES COSMOS
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Prior to the flights of Soviet biolog-
ical satellites of the Cosmos series, the
question of weightlessness effects on dif-
ferent levels of mammalian structural or-
ganization remained open. Nevertheless, it
was very important to identify the "sub-
strate" of biological effects of weight-
lessness in order to advance theories ex-
plaining them and to resolve pertinent med-
ical problems. The aim of morphological
studies involved was to identify systems
and organs showing reactions to weightless-
ness and to determine the pattern, speci-
ficity and reversibility of the changes
induced.

Using morphological technigues, impor-
tant conclusions of biomedical significance
have been drawn. First of all, it has been
demonstrated that weightlessness does not
induce any specific, in the strict sense of
the word, changes previously unknown to
"ground-based" pathology. Second, an expo-
sure to weightlessness for 18.5-22 days
does not cause severe or irreversible
structural changes. However, this exposure
is not indifferent to the animal body.

All morphological changes detected
immediately postflight can be subdivided
into two categories: changes occurring in-
flight and those developing after recovery.
Flight changes include, in their turn, man-
ifestations of a weightlessness-associated
stress-reaction and shifts caused by
weightlessness per se. Postflight changes
are a direct result of weightlessness ef-
fects, reflecting essentially the "gravity"
stress.

This paper concentrates on the changes
developing inflight in response to direct
effects of weightlessness. Weightlessness-
induced changes involve, as an important
part, functional rearrangements in the mus-
culo-skeletal system. Lack of static and
drastic decrease of dynamic loads in the
musculo-skeletal system result in its hypo-
function and, as a consequence, in the de-
velopment of changes typical of "functional
atrophy".

Summarizing the results of bone
studies, it can be asserted that weight-
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lessness brings about inhibition of perio-
steal neoformation and long growth of tubu-
lar bones, development of osteoporosis of
the spongy and, to a lesser extent, of com-
pact substance of tubular bones, and bone
demineralization. These changes are more
pronounced in weight-bearing tubular bones,
metaphyses and epiphyses being damaged in
the largest and diaphyses in the smallest
degree (1,8,20). The development of osteo-
posis and reduction of bone density and
mineralization lead naturally to a decline
in bone strength; due to this, some of
flight rats had bone fractures caused by
impact acceleration at touch-down.

The guestion of involvement of regula-
tory systems in bone rearrangement still
remains unanswered. It should be noted
that immediately postflight hypophyseal
somatotrophs and thyroid C-cells showed
morphological signs suggesting their dimin-
ished activity inflight. Light microscopy
of parathyroid glands did not show signifi-
cant structural changes although it re-
vealed single sites of activation of para-
thyreocytes.

The diminished load upon the musculo-
skeletal system gave rise to atrophic
changes in muscles which involved reduc-
tions in muscle mass and cross-section of
myofibers; in this respect, muscles of
hindlimbs were damaged to a greater extent
than those of forelimbs; among hindlimb
muscles, the most marked changes were noted
in antigravity leg muscles and, especially,
in the soleus (9). Muscle atrophy was ac-
companied by metabolic changes. As shown
histochemically and electromicroscopically
(2,16), postflight skeletal muscles had
glycogen and lipid aggregations which may,
in our opinion, be associated with de-
creased energy expenditures due to deteri-
oration of the muscle function. This may
cause a dysbalance between the synthesis
and utilization of energy substrates:
utilization of glycogen and lipids de-
creased whereas their synthesis remained
unaltered or only slightly lowered.

Thus, it can be inferred that during
an 18.5-day exposure to weightlessness re-
arrangement of muscle metabolism at a new



(lower) level is not yet completed.

From our point of view, glycogen ac-
cumulation in muscles speaks against inten-
sification of glycolytic processes in
weightlessness (5,12); changes in the pat-
tern of lactate dehydrogenase isozymes
(from the cardiac type in the norm to the
intermediate type after recovery) as well
as dystrophic changes of myofibers seem to
develop within the first hours after land-
ing due to tissue hypoxia resulting from
the dysbalance between drastically in-
creased loads on muscles and their defi-
cient blood supply. Quantitative evalua-
tion of the capillary bed of individual
muscles has shown that muscle disuse in
weightlessness leads to depletion of almost
30% of capillaries (10).

Musculo-skeletal changes are of dual
importance: as such and as contributing to
other pathogenetic developments in the ani-
mal body in weightlessness. The reduction
of total load upon the musculo-skeletal
system (and, consequently, lowered oxygen
requirements of muscles) and depletion of
part of capillaries seem to cause, directly
or indirectly, suppression of erythropoie-
sis and perturbation of thrombocytopoiesis.
Morphological signs of inhibition of eryth-
ropoiesis were seen in both bone marrow and
spleen (3,19). Suppression of erythropoie-
sis was accompanied by enhanced degradation
of erythrocytes. This was indicated by an
increase in the spleen content of hemosid-
erin (4). Increase in hemolysis and de-
crease in erythrocyte survival time in-
flight were documented by a specific study
of red blood cell survival parameters (11).

Shifts in thrombocytopoiesis in
weightlessness were indicated by the ap-
pearance in bone marrow of a large number
of abnormal megakaryocytes which amounted
to 20-30% of their total count (19).

If blood redistribution and partial
fluid losses are assumed to take place in-
flight, then increase in erythrocyte hemo-
lysis, decrease in red blood cell survival
(11) , inhibition of erythropoiesis, and
disturbances in thrombocytopoiesis can be
regarded as adaptive reactions aimed at
normalizing the proportion of blood formed
elements and plasma.

During previous discussions of animal
experiments flown aboard biosatellites Cos-
mos the hypothesis of heart functional un-
loading in zero-g was often proposed (6).
Histological and visual examinations of
myocardiocytes did not reveal any struc-
tural rearrangements of the myocardium.
However, electron microscopic studies (15)
indicated a decreased number of mitochon-
dria in myocardiocytes.
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Morphological studies of the neuroen-
docrine system pursued mainly two purposes:
to investigate the hypothalamic-hypophyseal-
neurosecretory system involved in the regu-
lation of fluid-electrolyte metabolism, and
the adenohypophysis-target glands system
demonstrating the level of stress-effects
and adaptive capabilities of the animal
body.

A reservation should be made here that
it was extremely difficult to make differ-
ential diagnoses of the inflight changes
because 5 hours post-recovery was a time
period sufficient for alterations induced
by return to 1 g to develop.

However, variations in morphological
changes in neurosecretory neurons of the
supraoptic and paraventricular nuclei of
the hypothalamus immediately postflight
give grounds to believe that their function
inflight was not enhanced.

A significant decrease in the number
of Herring bodies in the posterior lobe of
the hypophysis and a marked reduction of
the volume of nuclei of pituicytes were in-
dicative of possible reduction of the basal
level of secretion in the weightless state
(17).

After 18.5-22 day flights the adeno-
hypophysis did not show any morphological
signs of its dysfunction at the cellular
level. This conclusion has been drawn from
the lack of pathological cellular forms,
that develop after prolonged disorders in
hormone formation, and from the status of
endocrine glands, whose function is con-
trolled by adenohypophyseal hormones. The
absence of important structural changes is
consistent with biochemical data suggesting
no changes in the hormone content in the
adenohypophyseal tissue (7). Nevertheless,
the study of the adenohypophyseal state
furnished direct and indirect evidence in-
dicating potential decline in the activity
of cell elements, particularly somatotrophs
and thyreotrophs, in weightlessness.

This inference was based on examina-
tions of the adenohypophysis and the thy-
roid gland of weightless and centrifuged
rats. The weightless rats sacrificed im-
mediately (5-8 hours) after recovery showed
decreases in the nuclear volume (23%) and
somatotroph size (14%) as compared to the
vivarium controls. The diminished func-
tional activity of thyreotrophs in weight-
less rats was indicated by the state of the
thyroid gland characterized by an increase
in the size of follicles, a decrease in the
height of thyreocytes, colloid densifica-
tion, lack of resorption vacuoles, and a
change of colloid tinctorial properties in-
dicating its diminished content of thyreo-
globulins. Alongside with that, it was
found that the number, size and volume of



nuclei of C-cells producing thyro-calcito=
nin involved in the regulation of calcium
metabolism decreased (13). The lack of
such changes in somatotrophs and thyreo-
trophs of centrifuged rats gave evidence
that the above perturbations could be at-
tributed to weightlessness effects.

As it can be inferred from the state
of gonadotrophs and testes, weightlessness
did not disturb the gonadotropic function
of the adenohypophysis (14).

Assessment of the adrenocorticotropic
function of the adenohypophysis and, ac-
cordingly, the adrenal cortex in weightless-
ness presented the largest difficulties be-
cause even the earliest examination of sac-
rificed animals at the recovery site (5-8
hours after touch-down) showed morphologi-
cal signs of an acute stress-reaction in
these organs. However, a consistent de-
crease of the mass of lymphoid organs is
indicative of an increased functional ac-
tivity of the adrenal cortex inflight and,
consequently, of a stress-reaction develop-
ing in weightlessness. Today it is beyond
doubt that involution of the thymus and hy-
poplasia of the lymphoid tissue of the
spleen and lymph nodes took place inflight,
being induced by the stress-effect of
weightlessness (3).

This contention is confirmed by the
absence of hypoplasia of lymphoid organs of
centrifuged rats (4). If hypoplasia of
lymph organs persisted throughout the
flight, then the total structure of the ad-
renal cortex essentially recovered by the
end of the flight. Normalization of the
cortical structure (architectonics of its
components) is an indication of animal ad-
aptation to the space environment; this
suggests that weightlessness exerts a
stress effect which, however, is not strong.
This point of view finds support in the
fact that adaptation to weightlessness
could be accompanied by an increase in the
adrenal mass, which, however, was no more
than 20% or in some cases insignificant
(18). Thus, the direct effect of weight-
lessness causes inhibition of bone growth,
resorption and demineralization of bone
tissue, functional atrophy of muscles, de-
pletion of a portion of capillaries in mus-
cles, inhibition of erythropoiesis and
thrombocytopoiesis, and appearance of mor-
phological signs of a decreased function of
certain components of the neuroendocrine
system. A stress-reaction in weightless-
ness results in involution of lymphoid or-
gans.

All morphological effects of weight-
lessness per se are directly or indirectly
associated with a diminished function of
different organs and systems, reflecting
adaptation of the animal body to a new en-
vironment. The ensuing consequence of
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weightlessness effect and adaptation is the
development of a "gravitational" stress and
morphological changes developing at an
acute stage of readaptation to Earth grav-
ity. The level of these changes may be a
measure of deconditioning and adaptation of
the animal body to weightlessness.
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STUDIES OF SPECIFIC HEPATIC ENZYMES INVOLVED IN THE CONVERSION OF CARBOHYDRATES
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*Bruce Lyon Memorial Reiearch Laboratory, Children's Hospital Med. Ctr.,
Oak]and, CA, USA; 'NASA-Ames Res. Ctr., Mt. View, CA, USA and
Institute of Medical and Biological Problems, Moscow, USSR

Examination of liver, blood, muscle and
skeletal tissues from rats aboard the earlier
Cosmos flights, indicated changes in the 1ipid and
carbohydrate levels of these tissues in response
to space flight (1-5).

After the 936 space mission, specific altera-
tions in hepatic enzyme activities (diglyceride
acyl transferase, palmitoyl-CoA desaturase and
glycogen phosphorylase) as well as changes in
liver glycogen and the levels of specific fatty
acids were noted in flight animals but not in
comparable animals subjected to continuous 1G
centrifugation during the mission (6).

The present study (Cosmos 1129) was designed
to reinvestigate some of the 936 observations and
to extend the range of inquiry to include addition-
al hepatic microsomal and mitochondrial enzymes,
as well as other liver constituents (triglycer-
ides, phospholipids and sterols) not included in
our Cosmos 936 protocol.

The experiment called for 25 rats to be caged
individually within the spacecraft. Seven rats
were sacrificed at recovery, (R+0) and 5 animals
after 29 days, (R+29). Of the remaining flight
rats, 7 were stressed in a "backupward" position
on days 3, 4, 5 and 6 after recovery, and were
sacrificed after the final stress on day 6 (R+6S).
The other 6 rats served as unstressed flight
controls and were also sacrificed on day 6 (R+6).
Synchronous controls, housed and fed in the same
manner as the (R+0) and (R+29) flight animals were
included in the experimental design.

Sacrifice of the animals and preparation of
Tiver homogenates and mitochondria were done in
the Soviet Union. Pieces of the excised livers (4
grams) were individually homogenized in a Potter-
Elvehjem tissue grinder at 2°C. The nuclei and
cell debris were sedimented at 800 x g for 10 min.
The pellet was discarded and the supernatant
fraction containing cytosol, mitochondria and
microsomes was centrifuged at 4500 x g for 30 min.
which served to pellet the mitochondria. The
supernatant fraction (cytosol plus microsomes)
from this centrifugation was removed and immediate-
1y frozen to -80° for shipment to our laboratories
in the U.S.A. The crude mitochondrial fractions
were first washed by resuspension in sucrose and
recentrifugated at 4500 x g for 30 min. for isola-
tion. They were then frozen to -80°C for shipment
to the U.S.A. Additional samples of each liver
(approx. 100 mg) were frozen to -80°C prior to
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shipment to the U.S.A. for subsequent analysis of
specific Tiver constituents.

Upon arrival, the homogenate fractions were
slowly thawed, and centrifuged at 100,000 x g for
one hour at 2°C to separate the cytosols and
microsomal particles. The cytosol and resuspended
microsomes were divided into small aliquots which
were individually frozen and stored at -80° until
used for analysis.

Table 1 lists the liver constituents and
enzyme activities that were examined in this study
and indicates which of these were significantly
affected by the 18.5 day flight. The negative
sign denotes a decrease and the positive sign, an
increase.

Caution must be used in interpreting these
results of the Cosmos 1129 hepatic tissues, since
the cytosol + microsomal homogenate samples which
were sent to the United States were not completely
devoid of mitochondrial elements. The presence of
mitochondria was confirmed by measuring cytochrome
oxidase activity in pellets obtained by centrifu-
gation of these homogenate fractions at 8,000 x g
for 10 min. at 2°C. We have previously noted that
such contamination by mitochondria of the cytosol +
microsomal fractions can adversely affect certain
enzyme activities. For example, some microsomal
enzymes showed one tenth to one-twentieth the
activity normally found in rat Tiver. Some doubt
also exists about the similarity of treatment used
for the rats in each group in that the levels of
hepatic glycogen differed significantly from one
control group to another.

Given these constraints, the data were com-
piled and statistically evaluated. The activities
of most of the enzymes and of the liver consti-
tuents appeared to be unaffected by the weightless
condition, confirming our observations in Cosmos
936. A significant difference was seen between
the flight and synchronous control animals at
(R+0) with respect to their contents of liver
glycogen. The weightless group contained 30% more
glycogen than that of the synchronous control
animals. This finding also confirms our previous
observations aboard Cosmos 936. However, in the
present study we observed no significant decrease
in glycogen phosphorylase activity nor was there
an increase in glycogen synthetase activity (Table

1)
Once again a very significant difference was
found in the ability of the flight animals to



TABLE 1

Values and Differences Found in Livers of Flight and Synchronous Control Rats at (R+0) and (R+29)

(R+0) (R+29)
1 Flight vs. Flight vs.
Measurement Units Flight Synch. Synchronous Flight Synch. Synchronous
Liver Constit.
GTycogen a 4.7£1.0 3.3:0.8 +30% < 0.02 0.2+0.1 2.9%1.0 -94% < 0.001
Total Tlipids a 3.8+0.7 3.7+0.8 none 4.3+0.5 4.4%0.3 none
Phospholipids a 2.3:0.2 2.4x0.4 none 3.0£0.3 2.8+0.2 none
Total cholesterol a 0.4+0.1 0.4+0.1 none 0.6x0.1 0.5+0.1 none
Triglycerides a 1.1£0.5 0.9+0.3 none 0.7+0.1 1.0+0.2 -31% < 0.05
Fatty acids?®
16/16:1 8.9:7.5 9.6+4.9 none 15.745.9  20.3%7.4 none
18/18:1 1.0£0.3 0.9+0.3 none 2.8+0.8 2.0:0.6 none
18:2/20:4 1.2:0.4 1.220.3 none 1.0£0.3 1.1£0.3 none
Enzyme activity
1. Cytosolic
GS? b 9.2:1.7 9.1:2.9 none 9.2+2.4 11.0%2.4 none
GP b 27.2+3.9 28.4+4.9 none 50.8+1.9 21.4#2.9 +58% < 0.001
GK b 29.4+8.8 36.5%9.9 none 6.3+3.4 6.0£3.7 none
HK b 4.8+1.2 5.2%] .4 none 3.751.4 8.4+3.8 -56% < 0.05
G6PDH b 27.5+11.5 20.5*8.3 none 53.0+15 62.7£18 none
6PGDH b 16.322.3 16.1+2.6 none 15.5¢1.8 17.3¢4.5 none
AC b 61.5t14.4 61.6+12.6 none 53.5+11.3 69.9%27.0 none
GPT b 632:86 533+66 +16% < 0.05 610+50 551130 none
GOT b 464+75 399+51 none 444+59 302+57 none
ICDH b 330+56 378+56 none 38728 42045 none
LDH b 6547+1384 64084457 none 67791053 6339+866 none
MDH b 5452+697  5229:352 none 5965567  6678+457 none
2. Mitochondrial
GDH b 603+369 822+250 none - - -
ICDH b 45+18 62+7 -27% < 0.05 - - -
AC b 64 13¢5 -52% < 0.01 - - -
MDH b 12824636  1546+243 none - - -
3. Microsomal
aGP acyl trans. c 12.8+6.2 21.6%9.7 none 17£13 16x15 none
DG acyl trans. c 39.3+23.9 133%72 -70% < 0.01 43+26 35+24 none
PC phosphotrans. b 0.9+0.2 1.2#0.2 -22% < 0.05 0.9#0.3 0.920.1 none
PE phosphotrans. b 0.5+0.1 0.6x0.1 none 0.5+0.1 0.4%0.1 none
Pal-CoA Desat. d 2.1£1.2 3.3+2.4 none 0.9+0.5 1.8:0.8 none
Stear CoA Desat. d 3.72.0 4.7+3.6 none 1.6%1.2 3.120.9 none
HMG-CoA Red. c 24+15 27+15 none 1545 72448 -79% < 0.05

Units used are: a for % tissue wt; b for nmoles/min/mg protein; ¢ for picomoles/min/mg protein;
d for nmoles unsaturated acyl CoA produced per 5 min per mg protein.

Abbreviations used are: 16 for palmitate; 16:1 for palmitoleate; 18 for stearate; 18:1 for oleate;
18:2 for linoleate and 20:4 for arachidonate; GS for glycogen synthetase; GP for glycogen phosphory-
lase; GK for glucokinase; HK for hexokinase; G6PDH for glucose-6-phosphate dehydrogenase; 6PGDH for
6-phosphogluconate dehydrogenase; AC for Aconitase; GPT for glutamate pyruvate transaminase; GOT

for glutamate oxaloacetate transaminase; ICDH for isocitrate dehydrogenase; LDH for lactate dehydro-
genase; MDH for malate dehydrogenase; GDH for glutamate dehydrogenase; oGP for a-glycerol phosphate;
DG for diglyceride; PC for phosphatidyl choline; PE for phosphatidyl ethanolamine; Pal-CoA for
palmitoyl-CoA; Stear CoA for stearoyl-CoA and HMG-CoA Red. for B-hydroxy-B-methyl glutaryl-CoA
reductase.

S-56



complex long-chain fatty acids. Both the digly-
ceride acyl transferase and the PC phosphoglycer-
ide acyl transferase of the flight rats showed
severely reduced activities when compared with
synchronous controls at R+0. However, these
decreased activities did not appear to result in a
change in hepatic 1ipid values. The triglyceride
and phospholipid contents were similar for the
flight and synchronous control rats at (R+0).
noted in Cosmos 936, all of the affected enzyme
activities were similar to control values 29 days
post-flight (Table 1).

As

Stressing the flight rats, after spaceflight,
produced changes in the levels of liver constitu-
ents not seen in the R+0 flight animals. Total
lipids and phospholipids increased in the flight
rats after stress while the control groups showed
no differences and several enzyme activities were
changed (Table 2). It would appear from our data
that rats exposed to weightlessness show changes
in hepatic constituents and in the activities of
certain liver enzymes and that these controls are
less capable of tolerating stress than their syn-
chronous controls.

TABLE 2

Values and Differences Found in Livers of Stressed (R+6S) and Non-Stressed (R+6) Flight

and Synchronous Control Rats Sacrificed 6 Days After Recovery
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Values For:
Stressed, (R+6S) Non-Stressed, (R+6) Comparison Between:
1 Flight Synchronous
Measurement Units Flight Synch. Flight Synch.  (R+6S) vs. (R+6) (R+6S) vs. (R+6)
Liver Constit.
Glycogen a 0.4+0.2 1.1¢0.3 3.420.9 2.9:0.8 -87% < 0.001 -53% < 0.01
Total lipids a 4.4£0.6 5.0¢1.4 3.4%0.8 3.9%0.6 +23% < 0.05 none
Phospholipids a 2.6%0.3 2.6%0.8 2.1+0.4 2.7%0.4 +19% < 0.05 none
Total cholesterol a 0.5%0.1 0.520.1 0.3%0.1 0.4£0.1 none none
Triglycerides a 1.3t0.7 1.9£0.9 0.920.3 0.8%0.3 none +61% < 0.02
Fatty acids?
16/16:1 12.845.2 16.1+2.0 9.4+3.6 9.6%2.2 none +40% < 0.001
18/18:1 1.2¢0.5 1.4£0.5 1.120.3 1..320.3 none none
18:2/20:4 1.540.6 1.30.4 1.0:0.3 1.0%0.3 none none
Enzyme activity
1. Cytosolic
GS b 10.9+2.2 7.3%2.8 8.7¢1.5 10.8%1.6 none -32% < 0.05
GP b 36.5%10.2 41.446.8 32.2¢7.0 33.3%3.5 none +20% < 0.05
GK b 3.8t1.3 16.4+10.8 25.8t10.8 31.9%5.6 -85% < 0.001 -49% < 0.01
HK b 2.6%1.2 4.1%1.3 £.3t1.5 6.3%1.4 -51% < 0.01 -35% < 0.02
G6PDH b 39.1+23.8 42.2+30.1 48.3*21.9 27.8%6.1 none none
6PGDH b 25.0t9.6 17.1%3.9 23.8%*5.1 16.6%3.3 none none
AC b 7516 66%20 63*18 5322 none none
GPT b 698:163 573%169 596+185 557£78 none none
GOT b 617+101 388184 377%94 422+94 +39% < 0.001 none
ICDH b 430+79 42534 396%33 430*46 none none
2. Microsomal
aGP acyl trans. c 29.9+22.3 35.4%411.9 22.2%¥4.1 28.8+%15.2 none none
DG acyl trans c 11.1%4.0 2274181 194+138 217+179 -94% < 0.01 none
PC phosphotrans. b 0.5%0.3 1::2£0,2 1.0%0.3 1.3%0.3 -54% < 0.02 none
PE phosphotrans. b 0.2+0.1 0.5%0.1 0.4%0.2 0.6%0.1 -58% < 0.01 -23% < 0.05
Pal-CoA Desat. d 0.4+0.3 1.4%1.2 4.6%1.5 2.8%] .2 -92% < 0.001 none
Stear CoA Desat. d 1.4+2.4 1.8%1.3 6.4+4.0 4.1:2.4 -78% < 0.02 -73% < 0.05
HMG-CoA Red. C 14+5 1745 153 23%14 none none
1 and 8, See Table 1 for footnotes.
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EFFECT OF PROLONGED WEIGHTLESSNESS ON CERTAIN ASPECTS
OF BRAIN METABOLISM OF THE RAT
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Institute of Biomedical Problems

Moscow,

INTRODUCTION

Unigueness of factors affecting living
organisms in space flight determines the
lack of their adaptive capabilities devel-
oped in the course of evolution. This con-
cerns, first of all, weightlessness. It
could be assumed a priori that an exposure
to weightlessness would give rise to both
direct responses and complex processes of
adaptation to the extreme environment, in-
cluding metabolic changes. After recovery
readaptation to 1 g would also affect meta-
bolic conversions - both specific and non-
specific changes in various organs. +#e
focused in particular on metabolic changes
in the central nervous system. The present
investigation was devoted to the study of
certain aspects of brain metabolism of rats,
highly organized mammals with a well devel-
oped higher nervous activity, exposed to
space flight for a relatively long period
of time.

METHODS

Experiments were carried out on male
Wistar-line rats flown aboard biosatellites
Cosmos-605, 782, and 936. The experimental
conditions, rat selection and training were
previously described (3). Some of the Cos-
mos-605 rats were decapitated a day after
recovery and transportation to Moscow.

Part of Cosmos-782 and Cosmos-936 rats were
sacrificed immediately after landing at the
recovery site. Other flight rats were ex-
amined 25-26 days postflight, during which
they were kept in a vivarium. As controls
two groups of rats were used: a) rats kept
in a vivarium - vivarium controls, and b)
rats kept in a biosatellite mock-up and ex-
posed to the flight profile, except for
weightlessness, within the flight time
period - ground-based synchronous controls.

During the Cosmos-936 flight some rats
were exposed to artificial gravity of 1 g
in order to eliminate weightlessness ef-
fects (effects of all other space flight
factors being maintained). With respect to
this flight, two additional control experi-
ments were conducted: <¢) as in group b)
but with centrifugation at 1 g, and d) ex-
posure to angular acceleration. Some of
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the control animals were sacrificed simul-
taneously with flight rats immediately af-
ter recovery, and the remaining rats were
sacrificed 25 days after their transporta-
tion to the vivarium.

Cosmos-605 flight and control rats
were analyzed cytospectrophotometrically
for a relative concentration and absolute
content (per cell) of proteins and RNA in
the cytoplasm of cerebellar Purkinje cells
and in cells of their perineuronal glia in
sections in situ as well as in neurons and
gliacytes of the supraoptic nucleus of the
hypothalamus and anterior horns of the lum-
bar segment of the spinal cord (2); in addi-
tion, activity of neural protamine-peptide-
hydrolase was measured in homogenates of
the cerebellum, lamina quadrigemina, fron-
tal and occipital parts of large hemi-
spheres (2). The Cosmos-782 experiment
also involved measurements of proteins and
RNA in cerebellar Purkinje cells and their
glial cells-satellites; besides, the con-
tent of thiol groups in homogenates of the
cerebellum, midbrain and different parts of
the cortex of large hemispheres (4), as
well as activity of acetyl cholinesterase
and nonspecific cholinesterase in homogen-
ates of the midbrain, cerebellum, frontal
and occipital parts of the cortex of large
hemispheres (1) were measured. Cosmos-936
rats were used for similar measurements of
proteins and RNA in cerebellar Purkinje
cells and adjacent gliacytes, as well as
the content of thiol groups in homogenates
of certain parts of the cortex of large
hemispheres.

Due to various circumstances we were
unable to use identical objects and to
measure identical biochemical components;
however, the data available are unique and
worthy of discussion.

RESULTS

First of all, let us dwell upon the
content of proteins and RNA in the cyto-
plasm of cerebellar Purkinje cells and
their perineuronal glia. This parameter
was studied in three space-borne



experiments, the results of which are sum-
marized below.

It can be seen from the data obtained
(as a percentage of the vivarium control
values) that at R + 1 (Cosmos-605) and at
R + 0 (Cosmos-782 and Cosmos-936) the abso-
lute content (per cell) of RNA in Purkinje
cells of flight animals was significantly
reduced and in synchronous rats did not
differ from that in vivarium animals (Fig.
1, Table 1). Nevertheless, there were dif-
ferences between various experimental
series. For instance, Cosmos-605 and Cos-
mos-782 rats did not show changes in the
content of proteins in the cytoplasm of
cerebellar neurons whereas Cosmos-936 rats
displayed a reduced content of both pro-
teins and RNA due to an unknown reason.
to cerebellar gliacytes, their content of
RNA remained unchanged in all three cases;
the content of proteins was unaltered in
Cosmos-605 and Cosmos-782 rats and in Cos-
mos-936 rats it decreased not only in Pur-
kinje cells but also in their perineuronal
glia.

As

An exposure of rats to artificial
gravity aboard Cosmos-936 (Table 1) did not
reverse the above changes in the content of
proteins and RNA in cerebellar cells noted
immediately after recovery. Similar (al-
though less expressed) changes were ob-
served (especially in case of proteins) in
synchronous rats exposed to centrifugation
at 1 g and angular acceleration. It should
be noted that an exposure of flight animals
to artificial gravity resulted in a signif-
icant decline of RNA content but did not
lead to a decrease of the protein content
in the glia.

After 25-26 day readaptation of rats
to Earth gravity no differences in the pro-
tein or RNA content in cerebellar cells
were found: the changes proved completely
reversible.

An examination of the protein and RNA
content in cells of the neurosecretory
(stress-sensitive) hypothalamic supraoptic
nucleus of Cosmos-605 rats (Fig. 2) at R +
1 revealed a decrease of both variables in
neurons and a decrease of proteins in glia-
cytes; the changes in synchronous rats were
insignificant. However, mention should be
made of the observation, according to which
the decline of the RNA content in neurons
of the supraoptic nucleus persisted after
protein content already disappeared.

Different variations occurred in cells
of the anterior horns of the spinal cord
(Fig. 3). At R + 1 the protein and RNA
content in the cytoplasm of motoneurons of
their perineuronal gliacytes was unchanged
whereas at R + 25 the protein content was
significantly lowered and the RNA content
remained unaltered.
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Fig. 1. Absolute content (per cell) of

proteins and RNA in the cytoplasm
of cerebellar Purkinje cells and
their glial cells-satellites.

A - proteins, B - RNA; 1 - Pur-
kinje cells, 2 - gliacytes; Cosmos-
782 rats, Cosmos=-605 rats;

I - immediately after recovery,

II - 26 days after recovery.
Ordinate - changes as a percentage
from vivarium controls.

The study of the content of thiol
groups in the frontal lobe of the cortex of
large hemispheres demonstrated reproducible
changes (Figs. 4 and 5). For instance,
Cosmos-782 (Fig. 4) and Cosmos-936 (Fig. 5)
flight rats showed on the average an almost
equal decrease in the amount of thiol
groups; synchronous animals exhibited a
twice less but significant reduction. It
should be added here that centrifugation of
flight animals did not reverse this change
(Fig. 5); ground-based exposure of control
rats to centrifugation and angular acceler-
ation induced changes that did not differ
from those reqularly observed in synchro-
nous experiments (Fig. 5). At R + 25 the
content of thiol groups in the frontal lobe
returned to normal, and in the temporal and
occipital lobes, mesencephalon and cerebel-
lum this parameter was never changed.

Activities of protamine-peptide-hydro-
lase in the above segments of the brain of
Cosmos-605 flight rats did not differ from
those in vivarium controls either at R + 1
or at a later stage.

Immediately after recovery activity of
acetyl cholinesterase of Cosmos-782 flight
rats was significantly diminished in the
frontal lobe and the cerebellum (33% and
10%, respectively); activity of nonspecific
cholinesterase was lowered in the frontal
and occipital lobes (30% and 31%, respec-
tively) and in the cerebellum (27%). In
synchronous rats acetyl cholinesterase ac-
tivity decreased only in the frontal lobe
(12%), and activity of nonspecific cholin-
esterase in the mesencephalon slightly



Fig. 2.

TABLE 1.

Protein and RNA content in the cytoplasm of Purkinje cells and

their glial satellites of Cosmos-936 flight and control rats immediately
after recovery (as a percentage of vivarium values)

Experiment Proteins RNA
Neurons
Space flight at 0 g - 22% =
Synchronous control - 7 - 2
Space flight at 1 g - 0% - 18"
Synchronous control with - -
centrifugation - 19x - 12::
Angular acceleration - 10 - 16
Gliasa

Space flight at 0 g o - 6
Synchronous control - 3 T 0x
Space flight at 1 g + 5 - 16
Synchronous control with

centrifugation - 3 - 2
Anguler acceleration -1 - 2

Note: * - indicates statistically significant changes.
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Absolute content (per cell) of
proteins (A) and RNA (B) in the
cytoplasm of neurons (m) and
their glial cells-satellites (B)
of the supraoptic nucleus.
1-R+1, 2 - R+ 25; a - flight
rats, b - synchronous rats.
Ordinate - changes as a percentage
from vivarium controls.
X shows statistically significant
changes.
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Absolute content (per cell) of
proteins and RNA in the cytoplasm
of motoneurons and their glial
cells-satellites of anterior horns
of the spinal cord. Designations
see Fig. 2.
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Fig. 4. Content of thiol groups in homog-
enates of the frontal lobe of the
cortex of large hemispheres of the
brain of rats flown on Cosmos-782.
I - immediately after recovery,
II - 26 days after recovery; 1 -
flight rats, 2 - synchronous rats.
Ordinate - changes as a percentage
from vivarium controls.
X shows statistically significant
changes.
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Fig. 5. Content of thiol groups in homog-
enates of the frontal lobe of the
cortex of large hemispheres of the
brain of rats flown on Cosmos-936
(immediately after recovery of
flight rats).
1 - weightlessness per se,
2 - weightlessness + centrifuga-
tion, 3 - angular acceleration;
a - flight rats, b - synchronous
rats. Ordinate - changes as a
percentage from vivarium controls.
X shows statistically significant
changes.

increased (10%), remaining unaltered in
other brain segments.
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DISCUSSION

We still do not know potential neuro-
chemical results of metabolic reactions of
the central nervous system to acceleration
at launch and to a rapid transition to
weightlessness during the first days upon
insertion into orbit aggravated by spe-
cific rat-per-cage housing aboard the bio-
satellite (3). It can be inferred from
our observations that during stable adapta-
tion to space flight factors of prolonged
action cerebral metabolism was slightly
inhibited; this was well expressed in the
brain segments associated with motor activ-
ity, i.e. cerebellum and motor (frontal)
lobe of the cortex of large hemispheres.
The decline in the absolute content of RNA
and the normal content of proteins in Pur-
kinje cells may give evidence that the
level of protein metabolism in these neu-
rons was lowered, i.e. their function was
inhibited. This is also indicated by a
decrease in activities of acetyl cholin-
esterase and cholinesterase. In the motor
lobe the content of thiol groups as well
as cholinesterase activity decreased; this
may also reflect inhibition of central
structures. In general, the changes we
have identified may be suggestive of pas-
sive suppression of the brain functional
activity (in the case of deficient exter-
nal stimuli) rather than be manifestations
of stress-reactions. It is obvious that
artificial gravity aboard Cosmos-936 ex-
erted an adverse effect on the brain,
probably, due to vestibular stimulation
induced by large angular acceleration.
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EFFECT OF SPACEFLIGHT ON LYMPHOCYTE STIMULATION

Augusto Cogoli and Alexander Tschopp

Laboratorium fiir Biochemie, ETH-Zentrum, CH-8092 Ziirich

INTRODUCTION

The purpose of this paper is to review ex-
periments on human lymphocytes performed
either during space missions or at high-g
and simulated low-g in order to test the
efficiency of the specific immune system
during and after spaceflight.

Past findings on lymphocytes from crew mem-
bers of spaceships and recent work in our
laboratory suggest the hypothesis that low
-g depress and high-g enhance the acti-
vation of lymphocytes by mitogens in vitro.
Since part of the data are contradictory
and difficult to interpret further inves-
tigations in space are needed. Two expe-
riments on lymphocytes to be performed on
Spacelab are described here.

Weakening of the immune resistance against
infections is a hazard encountered during
and after long duration spaceflight.There-
fore the effect of space environment on
the immune system has been studied on past
missions: The efficiency of specific and
non-specific immunity was tested on crew
members after flight. However, a clear con-
clusion cannot be withdrawn from the data
available.

This problem is becoming more and more ac-
tual since the advent of the Space Shuttle
and probably of new large space stations
will offer the opportunity to work and
stay in space to a broader community of
scientists and technicians than so far.
This is a valid Jjustification to perform a
systematic study on the effect of space-
flight on the immune system on future mis-
sions.

Here we will discuss the effect of space-
flight on the specific immune system, i.e.
on the capacity of lymphocytes to react
specifically against antigens. The inter-
action between antigen and receptors on
the cell surface stimulates lymphocytes to
proliferate and to produce antigen-speci-
fic antibodies (the last limited to cells
of the B-type). Optimal activation is ach-
ieved by cooperation between T and B-
lymphocytes and probably also via interac-
tion with macrophages.

A similar reaction can be triggered in vi-
tro when lymphocytes are exposed to a num-
ber of substances from different origins
called mitogens. At difference from anti-
gens, mitogens are able to activate a
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whole lymphocyte population like all B- or
all T-cells or even all B~ and T-cells to-
gether. The transition from the status of
resting to that of activated lymphocytes
is an example of cell differentiation (1).
Therefore, the in vitro activation of
lymphocytes by mitogens at O-g can be re-
garded as a suitable model for the study
of a) cell survival, b) the triggering of
the immune response, and c) the mechanism
of cell differentiation in space.
The reactivity of lymphocytes in the pre-
sence of mitogens has been widely used as
a test of the efficiency of the specific
immune system after spaceflight in man and
rat (2-6). Most of the work described here
was performed with the T-cell specific mi-
togens concanavalin A (Con A) and phyto-
haemagglutinin (PHA). However, the tests
with Con A and PHA can be considered as an
assay of the functional fitness of the
whole specific immune system since T-cells
play a key role in the regulation of B-
lymphocyte response, i.e. in the synthesis
of antibodies.
Lymphocytes are easily purified from human
peripheral blood with the Ficoll/Hypague
method (7). Activation is routinely mea-
sured by incorporation of labeled thymidine
or uridine into DNA or RNA respectively (1).

EXPERIMENTS PERFORMED ON SPACE MISSIONS

The reactivity of lymphocytes toward mito-
gens was tested in crew members before and
after spaceflight.

Cells from 5 cosmonauts of the Soyuz 6,7,
and 8 missions were exposed to PHA (2):
Lymphocytes were purified from blood sam-
ples withdrawn 20-30 days before launch

and 3-4 days after landing. The flight las-
ted 5 days. Cell activation was measured
by incorporation of tritiated uridine into
RNA. It was found that in 4 of 5 cosmonauts
the reactivity was significantly diminished
after flight.

In the Apollo flights 7 through 17 (dura-
tion 10-12 days) the lymphocytes from all
3% astronauts were tested 30, 15, and 5
days before launch, immediately after reco-
very, and various days later (3). DNA and
RNA syntheses were measured in PHA activa-
ted cells after 24 and 72 h of incubation.
No significant effect was observed, al-
though for various reasons the data from
flights 14 to 17 were less consistent.
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Analogous tests were performed on the 9
astronauts of the Skylab 2,3, and 4 mis-
sions which lasted 29, 59, and 84 days re-
spectively. Lymphocytes showed a markedly
decreased response toward PHA when RNA-
synthesis was measured after 24 h of in-
cubation. The effect was less evident on
DNA-synthesis after 72 h incubation (4).
Lymphocytes recovered to normal preflight
levels 7-13 days after landing. Lympho-
cytes from 3 astronauts of the 9-days
flight of the Apollo-Soyuz Test Project
showed depression of RNA-synthesis after
incubation with PHA. However, the data may
be affected by the exposure of the crew to
toxic gases during splashdown (5).

A summary of these results is given on
Table 1.

A slight increase of the blastogenic re-
sponse over the ground controls was detec-
ted in rats flown for 20 days on the bio-
satellite Cosmos 782 (6).

In conclusion, the data collected so far
indicate that, in spite of contradictions
and discrepancies, spaceflight has an in-
fluence on the reactivity of lymphocytes.
The problem is complicated by the fact that
the behavior of the immune system is in-
dividually different. Probably only stu-
dies in vitro under standardized condi-
tions will give a demonstration of a di-
rect effect, if any, of the space environ-
ment on lymphocyte activation.

GROUND SIMULATION OF HIGH- AND LOW-g

The adaptation of lymphocytes to space-
flight will be investigated by us on the
first Spacelab mission (8) and probably on
a NASA Life Sciences dedicated mission.

As a complement to the Spacelab experiments
we started a study on the effect of high-g
and low-g on the activation of lymphocytes
by Con A in vitro. Stimulation was measured
by incorporation of ~thymidine into DNA,
cell ultrastructure was analysed by elec-
tron microscopy. High-g were generated in
a centrifuge. Low-g were simulated in a
fast rotating clinostat (9).We must point
out that the clinostat is not generating
true O-g conditions, however, it provides
useful indicationson possible effects of
microgravity on living systems.

We found that rat (10% and human (11) lym-
phocztes react remarcably faster at 2-g
and 4-g than at l-g. Maximum activation is
observed on day 2 of culture at high-g in-

stead of day 3 as usually found at l-g. In
addition, maximum activation is often high-
er at high-g than in 1l-g controls. When
lymphocytes were cultured in the clinostat
we found that activation by Con A was re-
duced by 50% (12). Ultrastructural analysis
suggests that the gravitational environment
may have an influence on the cell cycle:
High~-g appear to accelerate the activation
process, on the other hand cell death also
is observed earlier than at l-g as indica-
ted by the appearance of large vacuoles
(10,11). Hypogravity seems to stop cell de-
velopment in a portion of the lymphocytes
(50%) at an early stage observed 12-24 h
after exposure to Con A in l-g controls.
This stage is characterized by the presen-
ce of a high number of mitochondria in a
small cytoplasmic volume (B. Humbel, unpu-
blished observations).

When lymphocytes are cultured with Con A
in a flask subjected to vibrations at 500
Hz, activation is remarcably higher than in
the control (U. Bay, unpublished observa-
tion). This too could be due to a g-effect
generated by the vibration.

Irradiation by X-rays (50 rad, 200 kV) de-
presses activation by 30%. When the combi-
ned effect of radiation and hypogravity or
of radiation and hypergravity are inves-
tigated on lymphocytes, no synergism is
observed (11¥.

The effects described in this section are
summarized on table 2.

Table 2. Effect of physical stress on
Lymphocyte activation

Conditions Depression Enhancement Ref.
High-g - + 10,11
Simulated low-g + - 12
Vibration - +

Radiation + - 13
Radiation+high-g +% - 11
Radiation+low-g +% - 11

* No synergism observed
HYPOTHESES AND SPECULATIONS

Although we are comparing results derived
from considerably different experiments,
our findings and those from previous space-
flights suggest the hypothesis that low-g
depress the activity of lymphocytes, where-
as high-g have a stimulating effect.

At present we cannot interpret the pheno-

Table 1. Effect of spaceflight on human lymphocyte reactivity

Duration Test

Depression No

Flight (days) Subjects Effect Ref.
Soyuz 6,7,8 5 5 4 1 (2)
Apollo 7-17 10-12 35 - 33 (3)
Skylab 2,3,4 28,59,84 9 9 - (4)
Apollo-Soyuz

Test Project 9 3 5 = (5)
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mena observed in terms of mechanism of ac-
tivation, however, a number of effects can
be envisaged (10) Gravity or weightless-
ness may change the intracellular distri-
bution of organelles as shown by calcula-
tions of Kessler (13). As a consequence

the altered distribution of organelles in-
duced by different g-levels may change the
concentration of molecules (metabolites,
nucleic acids or proteins) or ions (e.g.
Ca) involved in lymphocyte activation.

A typical consequence of exposure to mito-
gens in vitro is lymphocyte aggregation
with strong cell-cell interaction. Aggre-
gation could be impaired in the clinostat
with consequent weakening of the interac-
tion, an important factor for activation.
Folkman and Moscona (14) described the cor-
relation between cell shape and growth:
Cells of various lines in suspension are
spherical, whereas cells adhering to the
walls of a culture flask are rather flat.
It was found that the rate of cell growth
decreases as cell shape becames more sphe-
roidal. Similarly slow-growing lymphocytes
at low-g may tend to assume a spheroidal
conformation which is different from that
of fast-growing cells at high-g which sink
to the bottom of the culture flask.
Finally, one can speculate that each living
organism has its own biological clock. Our
observations on the effect of gravity on
the rate of lymphocyte activation suggest
that a not yet identified biological clock
in lymphocytes (cytoplasmic streaming?)
could be regulated by gravity. Indeed, cyto-
plamic streaming was observed in our clino-
stat experiments (12).

EXPERIMENTS ON SPACELAB

This section gives a short outline of two
experiments which we are presently prepa-
ring for the Spacelab. One will fly on the
first Spacelab mission (actual launch date
May 26 1983), the other has been selected
by NASA as a candidate for a Life Sciences
dedicated mission.

The primary objective of our programme is
to study the effect of spaceflight on lym-
phocyte activation in order to establish
possible alterations of the specific im-
mune system during prolonged space missions.
The experimental approach consists of three
main lines of investigations:

1. Discriminate between the effect of
stress on the whole organism and the effect
of O-g per se on lymphocyte activation.
Lymphocytes withdrawn from crew members on
mission day 6 will be tested in vitro du-
ring flight. The response to mitogens will
be compared to that of the same subjects
before and after flight.

2. Effect of a gravitational environment
between 0 and 4-g. Cells will be cultured
during the mission in a multi-g centrifuge
providing 0.5, 1, and 4-g environments.
%. Kinetic of lymphocyte activation in spa-
ce. Stimulation will be measured 1,2,3,and
4 days after incubation with Con A in order

to clarify the effect of O-g on the biolo-
gical clock of the cell.

Three parameters will be determined: DNA
and protein synthesis, and cell ultrastruc-
ture by electron microscopy. The data col-
lected should allow a prediction on the ef-
ficiency of the immunocompetent cells du-
ring spaceflight and to test the hypothe-
sis that low-g depress lymphocyte activi-
ty and high-g have a stimulatory effect.
Fig. 1 shows the flight hardware to be used
on Spacelab 1. One of the major problems
encountered was the manufacture of culture
flasks satisfying the safety requirements
of ESA/NASA and being compatible with cell
viability. Forty materials, metals and pla-
stics, were tested. The most satisfactory
results were obtained with vessels made of
Teflon reinforced by 25% glass fiber. The
carry-on_incubator has a working temperatu-
re of 37°C. It can be powered either by
batteries or by direct current 28V availa-
ble on Spacelab.

CONCLUSIONS

Investigations hitherto performed in space
or ground simulations at high and low.g in-
dicate that only studies performed in vitro
during flight will provide conclusive in-
formation on the effect of spaceflight on
lymphocyte activation. Our experiments on
Spacelab should answer at least part of

the open questions. Man in Space is needed
as test subject and operator of the experi-
ment. Several actual aspects of cell biolo-
gy and biochemistry like growth, differen-
tiation, ultrastructure, and biosynthesis
of macromolecules are involved in this stu-

dy.
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Figure 1. Flight hardware for Spacelab-1.
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A) Front panel to be fixed to
single rack in SL-Module,

Bg Carry-on incubator,

C) Incubator with cell culture
block, syringes and tools,

D) Chamber block and cell cultu-
re chambers.
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ABSTRACT

We examined m. soleus, EDL, m. tri-
ceps /caput mediale/, m. brachialis of
rats flown for 18.5 days aboard the bio-
satellite "Cosmos=-1129" /F/. There were
two control groups: animals living free
/V/ and rats living under conditions
synchronous with biosatellite /S/. The
greatest decrease in weight and cont-
ractility occured in group F and in the
case of m, soleus., On the effect of
weightlessness the quantity of IC-3
fast myosin subunit increased in both
soleus and EDL muscles. It was found
in the recovery experiments that soleus
and brachial muscles showed a signifi-
cant change on the 6th day, whereas on
the 29th day readaptation was complete.

INTRODUCTION

The morphological and biochemical
properties of the organs are signifi-
cantly influenced by their functions.
Consequently, hypofunction leads to well-
observable modifications of metabolism.
Incapacitating in function results in
the atrophy of the skeletal musculature
and considerable changes in its metabo-
lism and contractile properties.

In previous studies we examined the
atrophy of the hind extremities of
rabbits and rats due to plaster-cast im-
mobilization /9, 11, 12, 13/. Our main
conclusion was that plaster-cast immobi-
lization primarily affects the tonic
soleus muscle. This muscle displayed
greater changes in weight, in the sub-
cellular components and sarcoplasmic
proteins and in the decrease of contrac-
tile properties than the tetanic exten-
sor digitorum longus /EDL/. Similar ob-
gservations were reported by Brooks /1l/,
Summers et al. /7/ and a number of
other authors.

In further experiments some charac-
teristics of muscle contraction and me-
chanical properties of two muscles /M.
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soleus and EDL in Wistar rats after 22
days of weightlessness have been inves-
tigated. On second day after return to
earth, the following changes were evi-
dent: slowing of twitch responses of the
muscles studied; shortening half tetanic
contraction time /defined by point of
interactions of the increasing curve with
50% level of the peak value/ in soleus;
a rise of tension in both muscles as
shown by the curve "length-force'"; an
increase of twitch/tetanus ratio and
fatigability in both muscles. During
repeated study of muscle properties, in
the 26th day after return to earth,
there were not any significant changes
in values of most the above mentioned
indices except the diminished strength
of soleus /2, 3, 4, 5, 6/.

Shortening of contraction time in
slow antigravitary soleus muscle is
believed to be & sign of adaptive
change in its characteristics resulting
from unloading under the conditioning of
weightlessness. Increased stiffness and
diminished strength of muscles are con-
gsidered as functional signs of atrophic
processes, developing in the experiment.
Dynamics of functional changes, condi-
tioned, as we believe, mainly by weight-
lessness and correlated with morphologi-
cal and biochemical data obtained on
analogous material, allows us to postu-
late a reversible character of the chan-
ges described.

The purpose of the present investi-
gations was to verify this concept in
experiments on skeletal muscles of ani-
mals flown for 18.5 days aboard the
biological satellite Cosmos=1129. The
paper summarizes preliminary results of
the investigations.

METHODS

Tn our earlier experiments /10/ we
also had the objective to elaborate
methods suitable for the accurate exa-
mination of samples taken from the small
quantity of muscles of rats exposed to
weightlessness during space-biological
experiments. The contractile properties
of muscles were first studied by a mo-
dified procedure of the glycerinated



muscle fibre preparation method first
applied by Szent-Gydrgyi /8/.
The essence of the preparation of

glycerinated muscle fibres is that fresh-

ly excised muscles are treated alterna-
tely with hypo- and hypertonic saline,
thereby destroying the membrane of the
muscle fibre. Our procedure allowed us
to perform experiments as early as in
48 hours, instead of the earlier lag of
3-4 weeks. Furthermore, stored at

-20°C in 50% glycerine these prepara-
tions preserve their contractile pro-
perties for months. Under appropriate
conditions the preparations give easily
measurable contractile response to ATP-
catt,

The subcellular components of myo-
fibrils were studied by Weber and
3sb?rn's SDS PAG electrophoretic method

14/.

In the biosputnik "Cosmos-1129"
male rats of 300-360 g participated
in a space journey of 18 and half days.
In consistence with our earlier experi-
ments we studied the soleus muscle as
a representative of the slow muscle
and the EDL muscle which is built up
almost entirely of fast muscle fibres.
Investigations were also performed on
the brachial muscle, composed mainly
of fast fibres, and the significantly
mixed triceps muscle /medial head/.

The rats Eﬁgf participated in the
space journey were called the flight
/F/ groups; in addition there were

two control groups: one made up of
animals living free in the vivarium
/V/ and another containing rats living
under conditions synchronous with the
biosatellite /S/.

The examination of the rats that
had participated in the space journey
took in three periods of time. Part of
them were sacrificed just after their
return to earth /0O group/, others on the
subsequent 6th and 29th days. The musc-
les were exposed to glycerine treat-
ment.

RESULTS

First of all we examined the mus-
cular weight changes of the 0 group.
The results showed that in groups S
significant muscle weight decrease was
observed. in group F decrease in weight
was highly significant in all muscles.
The greatest decrease in weight occured
in both group of the soleus muscle.

Our equipment used im the glyceri-
nated muscle experiments is shown in
Fig. 1. and Fig. 2.

Myofibril preparations of 0.25-
0.4 mm in diameter are fixed with micro-
clamps attached to the transducer head
and the isometric tension produced by
ATP-Ca** treatment is recorded through
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Fig. 1l.

Clamps for fixation of glycerinated

myofibrils

Fig. 2.
Equipment for registration of muscle
contractility
l, Clamps. 2. Transducer. 3. Recorder

a signal transformer on a potentiometric
recorder, In the knowledge of the dia-
meter of the fibre it is possible to
calculate the value of maximum tension
and contraction referred to 1 cm of
fibre circumference, i.e. the time



needed for maximum contraction. These
parameters permit us to determine the
differences in the contractile proper-
ties of the individual muscles. Several
bundles were prepared from each muscle,
which made it possible for us to per-
form a greater number of experiments.
The results suggest that in group S
significant and in group F a highly
gignificant decrease in contractility
can be obsgerved for all muscles, In
group F this decrease in contractility
is much greater than in group S. The
greatest decrease was observed in both
groups of the soleus muscle.

15

1. Myosin LC-3F 9. Tropomyosin

2 Troponin-C 10. Troponin-T

3 Troponin-1 11. Actin

4Myosin LC-2F 12 Unknown

5.Myosin LC-25 13 e«-actinin

6.Myosin LC-1F  14.C-M-protein

TMyosin LC-1S 15 Myosin heavy chain

8 Unknown
Fig. 3.

SDS PAG densitogram of normal soleus

muscle

In Fig. 3. the SDS PAG densito-
grem of the normal soleus muscle is
geen. The 15 components can be well
distinguished in the figure. The num-
bering of the peaks representing the
protein components begins with the
peptides of greater mobility. Signifi-
cant quantitative changes were found
in the composition of components with
smaller molecular weight, primarily in
that of the myosin light chains. On the
effect of weightlessness the quantity
of LC-3 fast myosin subunit increase
in both soleus and EDL muscle, while
they decrease in triceps and brachial
muscle,

It has already been mentioned that
not only the changes due to weightless-
ness were investigated, but also the
readaptation of the muscles. In both
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groups the muscle weight decrease for
the soleus muscle showed a significant
change on the 6th day, whereas on the
29th day readaptation was complete. The
contractility of the soleus muscle
showed similar recovery. Ve had same
results in the case of the brachial
muscle. The recovery of EDL muscle
containing almost entirely fast muscle
fibres was complete on the 6th day in
all three parameters. In the case of
triceps muscle readaptation took place
EE‘EE%Iy as the 6th day in contractile
properties but recovery in weight occur-
ed only on the 29th day.

The results of our investigations
allow us to draw the conclusion that the
changes brought about by the condition
of weightlessness depends on the func-
tional properties of muscles. Under the
influence of weightlessness for 18.5
days the weight and contractile proper-
ties of muscles show a great decrease,
however, regeneration takes place in
a short time. In the muscles under study
the most sensitive reaction was dis-
played by the soleus muscle which pre-
dominantly consists of slow fibres. On
the basis of gel electrophoretic expe-
riments we can say that as a result of
weightlessness transformation of the
muscles mey take place. This is in
agreement with the results of our plas-
ter cast model experiments. On the basis
of all these it can be established that
the plaster cast immobilization serves
as a good model for the simulation of
the effects of weightlessness.
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VARIABILITY OF PHYSIOLOGICAL PROPERTIES OF RAT SKELETAL MUSCLES AT
DIFFERENT GRAVITY LEVELS

V.S. Oganov, A.N. Potapov, S.A. Skuratova, M.A. Shirvinskaya

Institute of Biomedical Problems

Moscow,

INTRODUCTION

The principle of complementation of
studies of weightlessness and acceleration
effects discussed by Gazenko and Gurjian
(6) has been recognized by gravitational
physiology. In the light of Tsiolkovsky's
concepts (24) an exposure to acceleration
is also regarded as a potential counter-
measure against adverse effects of weight-
lessness (15). This hypothesis has been
for the first time verified in the mamma-
lian experiment aboard the biosatellite
Cosmos-936 (7).

The purpose of the present investiga-
tion was to study on a comparative basis
physiological parameters of skeletal mus-
cles of rats exposed to weightlessness per
se (Cosmos-605, 690, 936) and to artificial
gravity in the ground-based laboratory and
in space flight (Cosmos-936).

MATERIALS AND METHODS

The design and protocol of experiments
carried out aboard biosatellites of the
Cosmos series were reported previously (10,
11). Artificial gravity was generated in a
320 mm arm centrifuge mounted aboard Cosmos-
936. The environmental parameters for the
centrifuged rats were identical to those
for weightless animals. The velocity of
centrifuge rotation was programmed in such
a way as to generate artificial gravity of
1 g (i.e. to equal Earth's gravity) (10).
Some synchronous rats kept in a biosatel-
lite mock-up were housed in an identical
centrifuge to provide an acceleration of
1 G (10).

In the course of preflight investiga-
tions the effect of artificial gravity of
1 G was studies with the aid of a labora-
tory centrifuge (with a 560 mm arm) where
the animals were kept in an environment
similar to that described elsewhere (10,
11). In the laboratory centrifuge rats
were continuously rotated for 22 days with
a 20 min stop once a day to do the clean-
ing.

In all experiments rats were killed
by decapitation. Skeletal muscles of fore-
1imbs - medial head of the triceps brachii
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muscle (TRIC) and the brachialis muscle
(BRACH) - and hindlimbs - the soleus muscle
(soL) and the extensor digitorum longus
muscle (EDL) - were examined. The animals
from Cosmos-605 and 690 and the laboratory
centrifuge were used to study contractile
properties of intact muscles (sOL and EDL)
in the course of isometric contractions in
vitro in response to single and rhythmical
electric stimuli (17). Cosmos-936 rats
were employed in the study of isometric
contractions of glycerinated preparations
of myofibers of the above four skeletal
muscles. Preparations were obtained and
analyzed for contractile activity according
to the method of Szent-Gyorgyi (22) in our
own modification based on (1,2,20).

Throughout the paper the following ab-
breviations are used. The experimental
animals are designated as F - flight
weightless, FC - flight centrifuged, LC -
centrifuged in the ground-based laboratory;
synchronous ground-bound control animals
are designated as S, SC and S - LC, respec-
tively; vivarium animals from all groups
are designated as V. The difference (P)
between flight and synchronous data is
shown as P_ and between the flight and vi-
varium results as Pv'

RESULTS AND DISCUSSION

Previous (Cosmos-605) experiments on
preparations of intact muscles of the slow
(sOL) and fast (EDL) types showed a reduc-
tion of maximal tetanic tension (A), elas-
ticity decrease and lowered tolerance to
fatigue. These changes were mostly dis-
tinct in SOL, which also exhibited a selec-
tive acceleration of tetanic contraction
development (Pg< 0.05). These changes were
adaptive and disappeared 25 days postflight
(17).

Cosmos-690 experiments also demon-
strated a decrease of maximal tetanic ten-
sion and acceleration of tetanic contrac-
tion development of SOL (Fig. 1).
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Fig. 1. Contractile properties of skeletal

muscles of rats following flight

on Cosmos-690 and chronic exposure

to LG,

A - tetanus per unit muscle weight;

T - time of tetanus development to
reach 1/2 A

The differences are statistically

significant:

- <0.05
XX P(S,V) 0
X - P(S p_— V)40.05

In contrast to this, a chronic expo-
sure to acceleration of 1 G for as long as
the space flight continued did not alter
the strength and delayed the process of
tetanic contraction development of SOL;
this exposure resulted in a decrease of
maximal tetanic tension and did not bring
about significant changes in time param-
eters of EDL contraction (Fig. 1).

It is assumed that weightlessness-
induced changes in contractile parameters
of SOL may be a result of partial rear-
rangement of the structure and function of
muscle fibers of the antigravity SOL, as a
consequence of which they acquire a certain
similarity with fast myofibers. This is
supported by the morphological (9), bio-
chemical (5,16) and histochemical findings
(19) .

In order to answer the question as to
how this rearrangement may influence con-
tractile muscle proteins, studies of con-
tractile properties of glycerinated myofi-
bers were carried out as one of the Cosmos-
936 experiments. The design of the experi-
ment was based on the well known fact that
glycerination, which leads to partial de-
composition of the sarcolemma and washout
of metabolic substrates from muscle fibers,
maintains the native organization of myo-
fibrillar proteins and their ability for
ATP hydrolysis and contraction (1).
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As follows from Table 1, space flight
effects on hindlimb muscles manifest, par-
ticularly, in a significant decrease of
maximal amplitude of isometric tension (P_)
of SOL (as compared to both control groupt)
in the absence of significant changes in
contraction strength of EDL.

The data of space flight effects on
forelimb muscles are shown in Fig. 2, which
also illustrates the effect of artificial
gravity on glycerinated preparations of
these muscles.

BRACH

NN

D - FLIGHT
B- syncuronous
B- VIVARIUM
TRIC
T
=
///
//’
Z
2 - FLIGHT
? CENTRIFUGE
é B- SYNCHRONOUS
CENTRIFUGE

Changes in maximal isometric ten-
sion of glycerinated muscle fibers
of skeletal muscles of rats flown
aboard Cosmos-936.

Designations - see in Fig. 1.

These studies suggest that in the syn-
chronous experiment TRIC is to perform a
new, most likely postural function, whereas
in space flight this effect is reversed;
therefore, the final result of weightless-
ness effect on TRIC is very similar to the
reaction of the antigravity SOL. It should
be noted that, according to histological
examinations, TRIC was close to EDL in the
composition of muscle fibers; however, due
to its anatomical, topographical and bio-
mechanical characteristics TRIC is much
more important in maintaining posture than
EDL (13).

The response of BRACH to space flight
includes a more marked "training" effect
manifesting as increased Pp- Mention
should be made of an equal sign of Pm
changes in F and S rats which also seems



TABLE 1. Amplitude of isometric tension (Pp) of glgcerinated muscle fibers
of rats after Cosmos-936 flight (N/mm2 . 10-2)
F s (1) v (2)
SOL 15.43 + 3.18 x1,2 27.88 + 3.17 24.24 + 2.29
N:n 4 : 100 5 : 141 5 : 126
EDL 14.44 + 2.92 13.95 & 1.41 16.55 + 1.98
N:n 5 : 36 5: T 5 : 80
X142

Note: Mean + SE;

- statistically significent differences

(p < 0.05) between flight and control data;

N:n = number of animals: number of preparations.

to be a result of a combined effect of
weightlessness and confinement of animals
in a small enclosure.

As it can be seen from Fig. 2, artifi-
cial gravity applied in spaceflight neu-
tralizes the deprivation effect of weight-
lessness on the strength gain of the mixed
muscle TRIC in animals housed in small en-
closures (S rats). Therefore, TRIC reac-
tion to artificial gravity in spaceflight
and on the Earth (S) resembles the response
of the extensor muscle (SOL) to accelera-
tion (Fig. 1). At the same time artificial
gravity in spaceflight essentially reverses
the training effect noticed in the fast
muscle - flexor BRACH (Fig. 2).

The experimental findings give evi-
dence that reactions of the contraction
system of different muscles to an altered
gravity are strongly dependent on their
Ffunctional specialization and biomechanics
of their contraction.

Changes in contraction properties of
muscles similar to those found in weight-
lessness were seen previously in various
simulation studies where the major factor
of relative disuse of muscles was their
strength unloading, i.e. hypodynamia.
acceleration of slow muscle contraction
combined with a decrease of strength and
tolerance to fatigue was observed in exper-
iments with spinal segment isolation (4,
14), tentomy (26), immobilization (23), and
amputation of the part of distal segment of
a forelimb (12).

An

Previous studies furnished data on the
specific and selective effect of an in-
creased gravity upon the antigravitational
musculature and, particularly, on the pre-
dominant growth of extensor muscles in var-
ious animals under the influence of
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prolonged centrifugation (21). There is
evidence indicating centrifugation-induced
increase of strength (3) and tolerance to
fatigue (3,21) of slow muscles of animals.

In the light of the above data in the
literature the results of our study are of
interest when discussed from the point of
view of Smith (21) who has postulated the
principle of continuity of biological ef-
fects of acceleration, assuming a continu-
um of physiological reactions of the ani-
mal body in the gravitational field vary-
ing from zero g to acceleration values ap-
proximating limits of biological tolerance.
This theory finds support in our findings.
Fig. 3 illustrates the scale of changes of
selected physiological parameters of dif-
ferent skeletal muscles as related to the
gravity field.

Another theoretically important as-
pect of the present study is that the data
obtained can be regarded as evidencing the
dynamic pattern of specilization of skele-
tal muscles (8,25) and their high func-
tional plasticity, for instance, under the
conditions of varying gravitational field
(16) within the limits studied. From the
practical point of view this seems very
promising for potential control of adapta-
tion of skeletal muscles to altered grav-
1E%.
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MORPHOMETRIC ANALYSIS OF RAT MUSCLE FIBERS
FOLLOWING SPACE FLIGHT AND HYPOGRAVITY

L. A. Chui and K. R. Castleman

USC Department of Neurology, Los Angeles, Ca, 90033
Jet Propulsion Laboratory, Pasadena, California

ABSTRACT

The effect of hypogravity in striate
muscle was studied in two space flights:
Aboard Cosmos 936, five Wistar rats ex-
posed to hypogravity for 18.5 days were
studied. Using computez-assisted image
analysis of extensor digitorum muscles
processed for alkaline ATPase reaction,
they showed a reduction of the mean fi-
ber diameter (4#1.32%p,55um), compared to
sKnchronous (46.32%0.55um) and vivarium
(49%0.5um) controls. On Cosmos 1129
mission, 25 Wistar rats under 18.5 days
of hypogravity were sacrificed in four
groups at various intervals after reco-
very. Additional 50 animals were in-
cluded as synchronous and wivarium con-
trols. Using the same technique des-
cribed previously, the gastrocnemius
muscle showed a reduction of total mus-
cle fiber area in square micron and
percentage of slow fibers of flight a-
nimals as compared to controls.

INTRODUCTION

Space flight and hypogravity are known to
produce systemic and metabolic changes in
animals and human (7). Even though the
effects of weightlessness in various organ
systems are well described, the pathophy-
siological mechanism is largely unknown.
During adaptation to decreased gravity a-
board space flight, the musculoskeletal
system is dynamically responsive to chan-
ges in insufficient loading mechanism,
leading to hypokinesia and hypodynamia.

As a result of this, decreased in body mass
and leg volume has been described in manned
space flights, resulting in loss of muscle
bulk (1).

Skeletal muscle is capable of two basic
types of contraction: Some fibers utilize
a glucolytic anaerobic energy mechanism.
These fibers (fast twitch glycolytic)
contract rapidly, but fatigue easily. O-
ther fibers require an available oxigen
supply, since they utilize oxidative of
metabolism for their energy (slow twitch
oxidative), they contract more slowly and
are resistant to fatigue. These fibers
are important in maintaining posture
against gravity, while fast twitch glyco-

lytic fibers are required for quick, for-
ceful movement (2). Upon close analysis,
it becomes apparent that the above scheme
outlined is an oversimplification, and
that all muscle fibers are not readily
classified into only two distinct groups.
In fact, there are fast twitch fibers
having high level of enzymes for both
glycolitic and oxidative metabolism.

These fibers exhibit both fast contraction
and fatigue-resistant characteristics.

It has also become apparent that for any
given fiber, the type of energy metabo-
lism employed is not immutably fixed
throughout its life. During fetal develop-
ment for example, the fiber types undergo
changes depending upon the type of inner-
vation they receive; and more importantly,
they change with exercise and the demmands
put upon the muscle by the environment.
Electrical stimulation of muscle can also
change the contracting mechanism (4, 8,
10). These observations have far reaching
implications for the effects of space
flight on human and animal neuromuscular
system.

MATERIAL AND METHOD

A total of seventy-five pathogen-free adult
Wistar rats recovered from 18.5 days of
orbital flight were included in the pre-
sent study. They were divided into three

groups:

Group I = Flight (f), 25 animals.

Group II = Synchronous Control (32), 25
animals,

Group III = Vivarium Control (V), 25
animals.

Seven animals of the flight groups were
sacrificed at the recovery site within

six hours of landing (R+0). Six were sa-
crificed six days later (R+6). Seven
additional flight animals were also sa-
crificed six days later, but after immo-
bilization stress. Finally, five flight
animals were sacrificed twenty-five days
after recovery. Similar number of animals
were obtained from Vivarium and Synchro-
nous Control Groups.

The left gastrocnemius and plantaris mus-
cles were carefully removed immediately
after sacrifice by decapitation. Specimen
were placed in pre-labeled and pre-chilled
scintilation vials and immersed in liquid

The Physiologist 23: Suppl., Dec. 1980



nitrogen for a period of approximately
ten minutes. They were stored in insu-
lated containers, packed with dry ice and
shipped to the University of Southern Ca-
lifornia, Neuromuscular Research Labora-
tory for histochemistry processing. Whole
gastrocnemius and plantaris muscles were
cryostat sectioned at 10um thick. Three
consecutive serial sections were obtained
for every 2000um interval. Routine his-
tochemical reaction was prepared as pre-
viously described (3).

Muscle histochemistry reaction for ATPase
ph 4.6 from all three groups of animals
were analized in the Medical Image Ana-
lysis Facility at the Jet Propulsion lLa-
boratory using computer assisted morpho-
metric analysis (3).

RESULTS

Results obtained from our previous expe-
riment (Cosmos 936-K208) clearly shoed

a reduction of the mean fiber diameter
of the extensor digitorum muscle from
flight animals (41,34%0,.55) compared to
SXnghronous (46.3220.55) and vivarium
(4920.5) controls. Unfortunately, only
fast twitch glycolytic fibers were mea-
sured, because no significant number

of slow twitch oxidative fibers were
observed (3). Morphometric analysis of
muscle fibers from present experiment
was obtained from gastrocnemius only,
gince this was the only muscle contain-
ing enough number of mixed fibers for
comparison of both fiber types. Cross
section of gastrocnemius muscle showed
that slow twitch oxidative fibers were
distributed into three distinct regions:
Region I (11%), region II (43%) and re-
gion III (24%).

TABIE 1
GROUP REGION RATS FIBERS SLOW FIBER FAST FIBER % SLOW SLOW/FAST
AREA (w2 AREA (4D AREA RATIO
o1 3 w184 a1 06 0.5
v | 3 981 m 3967 19.4 0.705
IF I 3 894 2480 2602 39.2 0.953
£ 0 3 @8 pres B  oml
v 1] 4 1621 3876 32m a7 1.18%
av 1 3 8713 4153 3947 36.8 1.052
1F 11 4 2000 2365 2946 19.15 0.803
4F 11 3 658 3230 4989 24.5 0.647
v 11 2 1844 3465 3379 2.3 1.025
4V 11 4 1425 3445 3621 21.1 0.950

The result of fiber area measurement in
all three regions of the gastrocnemius
muscle is shown in table 1. Space flight
animals sacrificed immediately after re-
covery (IF) showed a significant reduc-
tion in total area of both fiber types.
However, the slow fibers were more affect-
ed as evidenced by the decrease in slow to
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fast-area ratio. No significant changes
were observed in 25 days post flight a-
nimals (4F).

TABILE 2
PERCENT CHANGE IN FIBERS
No, %  SLOW FAST SLOWFAST
GROUPS NUMBER  FIBERS | SLOW FIBER FIBER  AREA
COMPARED OF RATS MEASURED | FIBERS AREA AREA  RATIO
IF vs IV (1) 5 1833 35 M4 R -16
IF vs IV (11) 7 2950 9 -3 - -16
IF vs 1V (111) 6 3844 200 R % -0
1,2,3F vs L,2,3V (1) 12 3647 8 B B -3
1,2,3 vs 1,2,3V (11) 7 4291 2 B B -2
1,2, vs L,2,3v (111 | 16 1437 0 B 0 5

Table 2 indicates the percent of fiber
changes compared by groups (Flight vs
vivarium control). This also clearly in-
dicates a significant reduction in percent-
age of slow and fast fiber areas.

DISCUSSION

Previous study on the 22-day Cosmos 605
flight showed that the weight of the ex-
tensor digitorum muscle was 12% lower in
flight than control animals, and fiber a-
rea was decreased by 13%. Changes in the
soleus muscle were more pronounced, show-
ing 22% reduction in fiber size (5). A-
board Cosmos 690, which included a 24

hour exposure to 800 rad of radiation, the
soleus showed 25% and the gastrocnemius
19% weight deficit (6). On Cosmos 782,
the weight of the soleus was 38% lower in
flight animals and 17% in synchronous
control (9). The observations derived
from these experiments are such that hy-
pogravity certainly induces changes con-
sisting in reduction of weight and fiber
size. More profound changes were observed
in antigravity muscles, like the soleus.
OQur present study is in agreement with pre-
vious results, that slow oxidative fibers
are mostly affected, even in a mixed, non-
antigravity muscle like the gastrocnemius
muscle.

The mechanism of these changes are not
clear and it can only be postulated. Hy-
pogravity or weightlessness produces in-
sufficient loading of muscle, leading to
hypokinesia (motion) and hypodynamia
(force). This in turn produces trophic
changes in antigravity muscles, altered
protein metabolism, negative nitrogen
balance, etc., producing muscle atrophy as
final result, with possible consequence of
decreased muscle tone, strength and de-
creased tolerance to physical work capaci-
ty. These observation have far reaching
importance in prolonged manned space fligh
ts, where preventive measures could be a-
chieved by designing appropiate exercise
programs to improve functional performance



of the neuromuscular system.
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ABSTRACT

Male Wistar rats were placed in orbit for an
18.5 day period aboard the Soviet Cosmos 1129
biological satellite. The skeletal changes which
occurred during spaceflight were determined to be
a reduced rate of periosteal bone formation in the
tibial and humeral diaphyses, and a decreased
trabecular bone volume and an increased fat content
of the bone marrow in the proximal tibial meta-
physis.

INTRODUCTION

The weightless environment and hypodynamic
conditions associated with space flight have
produced alterations in calcium homeostasis.
Studies of mineral metabolism in Gemini and
Apollo crewmembers suggested that increased
urinary excretion of calcium was a consequence of
orbital flight (1,2). Skylab astronauts also
exhibited a marked hypercalciuria (3), Since the
skeleton is the major reservoir of calecium in the
body, abnormalities in calcium homeostasis may
reflect skeletal changes. A significant decrease
in the bone mineral density of the calcaneus has
been reported for crewmembers of the Skylab
flights (4). Skeletal changes which occurred in
rats during previous Cosmos experiments include a
decreased mass of trabecular bone in the tibial
and femoral metaphyses (5) and a reduced rate of
periosteal bone formation in the tibial
diaphysis (6). The purpose of the current study
is to investigate the skeletal alterations which
occurred in rats during orbital flight aboard the
Soviet Cosmos 1129 biological satellite.

MATERIALS AND METHODS

Specific pathogen-free, male Wistar rats from
the Institute of Experimental Endocrinology of
the Slovakian Academy of Sciences were approxi-
mately 83 days of age and weighed an average of
290 grams at the beginning of the experimental
period. The rats were divided into three groups.
The flight animals were placed in orbit in
individual cylindrical cages aboard a modified
Soviet Vostok space craft for a period of 18.5
days. There were two groups of ground-based
controls, The flight control rats were also
housed individually in a modified Vostok space
craft and subjected to the conditions associated

1 The author was supported by the National
Research Council as a post-doctoral research
associate.
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with launch and reentry. An attempt was made to
simulate as closely as possible the space craft
environment experienced by the flight animals.

The vivarium control rats were housed in animal
quarters and were not subjected to flight condi-
tions. The first group of flight, flight control,
and the vivarium control rats was sacrificed at the
end of the 18.5 day flight period. The second

and third groups were sacrificed at 6 and 29 days
postflight, respectively.

All rats were injected intraperitoneally with
1 mg/kg body weight of Declomycin three days prior
to launch. Declomycin is a tetracycline
derivative which labels areas of bone formation
(7). A second Declomycin injection was
administered to the postflight group 5 days after
flight, The rats were decapitated at the end of
the experimental periods and the left tibia and
humerus were placed in a fixative composed of
paraformaldehyde, glutaraldehyde, and
diflourodinitrobenzene. The vials containing the
bones were refrigerated and shipped to the United
States.,

The bones were sawed into three parts
corresponding to the proximal, middle, and distal
thirds. The proximal tibia was dehydrated in
increasing concentrations of acetone and embedded
undecalcified in methyl methacrylate. Multiple
sections of A5 um thickness were cut parallel to
the longitudinal axis of the bone with a Jung Model
K microtome. Following removal of the plastic
with xylene, the sections were stained according
to the von Kossa method (8).

Portions of the tibial and humeral diaphyses
were processed for ultraviolet microscopy of
flourescent tetracycline labels. The bone
specimens were dehydrated in a series of acetone
and ether changes and embedded undecalcified
in a styrene monomer which polymerizes into a
polyester resin (Tap Plastic Inc., San Jose, CA).
The portion of the tibial diaphysis immediately
proximal to the tibiofibular junction and the
portion of the humeral diaphysis immediately
distal to the deltoid tuberosity were sawed into
50 ym thick cross-sections with a Gillings-

Hamco thin sectioning machine.

The fractional area of trabecular bone and
the fractional area of fat in the bone marrow were
quantified in a 2 by 2.5 mm area of the proximal
tibial metaphysis with the aid of a Merz grid (9).
This grid consists of 6 semicircular lines and 36
points within a square. The number of points



superimposed over bone and bone marrow were counted
at a magnification of 160 X. The fractional area
of trabecular bone was calculated by dividing the
number of points lying over the bone by the total
number of points lying over bone and bone marrow.
The fractional area of fat in the bone marrow
was quantified in a similar manner.

The Merz grid was also used to quantify
the rate of periosteal bone formation in the tibial
and humeral diaphyses. 1In a growing rat, the
periosteal surface is forming new bone and will
therefore be labeled with tetracycline. The
number of points superimposed over the newly-
formed bone between the flourescent tetra-
cycline label and the periosteal surface was
counted at a magnification of 160 X under ultra-
violet illumination. The area was calculated by
multiplying the number of points by the constant
dz, with d equal to the distance between points.
The rate of periosteal bone formation was
calculated by dividing the volume of newly-
formed bone (assuming that the cross-sections were
1 mm thick) by the time interval between
administration of the tetracycline label and
sacrifice., The medullary area in cross-sections
of the tibial and humeral diaphyses was also
quantified by point counting with a Merz grid.

RESULTS

The values for periosteal bone formation rate
in the tibial and humeral diaphyses during the
flight period are listed in Table 1. The flight
rats exhibited a reduced rate of periosteal bone
formation in comparison to both flight control
and vivarium control rats. These differences
were evaluated by means of Student's t-test and
found to be highly significant, The inhibition
of periosteal bone formation in the humerus was
not as marked as in the tibia.

Table 1. Periosteal bone formation rate in the
tibial and humeral diaphyses during
the flight period

%
Periosteal Bone Formation Rate
(103 MM3/Day)
Flight Flight Vivarium
Control Control
10.0 17.9%* 22.6%%
Tibia +2.1 +2.7 +4.7
10.9 14, 2%%% 17,9%%
Humerus +2.2 +2.8 +5.3

*Each value is the mean of 11 animals + the
standard deviation.
**Significantly different from flight values at
the level of P<0,001.
***Significantly different from flight value at
the level of P<0.01l.

Table 2 lists values for periosteal bone
formation rate in the tibial and humeral diaphyses
during the postflight period. In the tibia, the
flight rats exhibited a significantly increased
rate of periosteal bone formation, in contrast to
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the reduced rate which was observed during the
flight period. A similar increase was not observed
in the humerus., At this skeletal site, there were
no significant differences among the three groups
in periosteal bone formation rate during the post-
flight period.

Table 2. Periosteal bone formation rate in the
tibial and humeral diaphyses during the
postflight period
Periosteal Bone Formation Rate¥

(10-3 MM3/Day)
Flight Flight Vivarium
Control Control
18.4 12,6%* 14 ,5%%%
Tibia 2.1 2.4 +2.3
11.3 10.7 12.3
Humerus +1.4 2.4 +3.0

*Values for the flight group are the mean of
4 animals, and the values for both control
groups are the mean of 5 animals.
**Significantly different from flight value at
the level of P<0.025.
***Sjgnificantly different from flight value at
the level of P<0.05.

The mean medullary area in cross—sections of
the tibial and humeral diaphyses was approximately
1 mm? for each of the three experimental groups.
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Figure 1. The fractional area of trabecular bone

(trabecular bone volume) in the proximal
tibial metaphysis vs. time. The
spacecraft was launched on day 0, and
recovered on day 19. Day 25 is equiva-
lent to recovery +6 days, and day 48,
the end of the postflight period, is
equivalent to recovery +29 days. Each
point is the mean of 7 animals at day
19, 6 animals at day 25, and 5 animals
at day 48. The vertical lines represent



the standard déviations. The point at
day 0 is the mean of 10 basal control
rats + the standard deviation. These
rats were housed in animal quarters
and sacrificed at the beginning of the
flight period.

The fractional area of trabecular bone,
commonly referred to as trabecular bone volume,
is plotted vs. time in Figure 1. There appears to
be a trend for a reduced trabecular bone volume
in the proximal tibial metaphysis in flight rats.
This parameter was significantly lower in the
flight group relative to the vivarium control
group at all time periods. The flight rats also
had a consistently lower trabecular bone volume
in comparison to the flight control rats. This
difference was not significant (P<0.10) at days 19
and 25, but there was a significant difference
(P<0.05) at day 48. The trabecular bone volume
remained relatively constant in each of the three
groups throughout the experimental period. If the
data from all three time periods were combined,
the trabecular bone volume in the flight group
was significantly different from both the flight
control (P<0.025) and the vivarium control
(P<0.001) groups.
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Figure 2. The fractional area of fat in the

bone marrow in the proximal tibial
metaphysis vs. time. See the legend

for Figure 1 for a detailed desecription.

Figure 2 is a similar plot of the fractional
area of fat in the bone marrow vs., time. The
data suggest that the fat content of the bone
marrow in the proximal tibial metaphysis
increased during spaceflight. The difference
in fat content at day 19 between the flight group
and both control groups was significant at the
level of P<0.05. By the end of the postflight
period (day 48), there were no significant
differences among the three groups.,
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DISCUSSION

This study demonstrates that periosteal bone
formation in the tibial and humeral diaphyses was
inhibited during orbital flight aboard the Soviet
Cosmos 1129 biological satellite. A similar effect
was observed in the tibia during previous Cosmos
experiments (6), but the humerus was not included
in prior investigations, The inhibition of
periosteal bone formation in the humerus was not
as dramatic as in the tibia, This may be due to
the lower rate of periosteal bone formation in the
humerus relative to the tibia. The rebound in
periosteal bone formation rate in the tibia during
the postflight period has also been previously
observed. The humerus did not exhibit a similar
rebound, but periosteal bone formation did return
to normal during the postflight period.

There were no significant differences among
the three experimental groups in cross-sectional
medullary area in the tibial and humeral diaphyses.
The predominant activity along the endosteal
surface of the medullary canal in growing rats is
bone resorption. An alteration in bone resorption
during spaceflight would presumably be accompanied
by a change in the dimensions of the medullary canal.
Since this did not occur, these data suggest that
no gross changes in endosteal bone resorption
occurred during spaceflight. However, subtle
changes in bone resorption may not be revealed by
this technique.

A decreased trabecular bone volume and an
increased fat content of the bone marrow in the
proximal tibial metaphysis appear to be a
consequence of spaceflight. However, these
parameters are difficult to evaluate due to a
great deal of variability within groups. A
decreased mass of trabecular bone in the femoral
and tibial metaphysis has been reported in half of
the rats subjected to spaceflight aboard the
Soviet Cosmos 605 biosatellite (5). A marked
elevation of triglycerides in the bone marrow
of flight rats during the Cosmos 936 experiment
(10) supports our finding of an increased fat
content in the bone marrow.

In summary, we have shown that the skeletal
changes induced by spaceflight aboard the Soviet
Cosmos 1129 biological satellite were an
inhibition of periosteal bone formation in the
tibial and humeral diaphyses, and a decreased
trabecular bone volume and an increased fat
content of the bone marrow in the proximal
tibial metaphysis. Endosteal bone resorption was
not affected markedly. Identification of the
mechanisms responsible for these skeletal
alterations must await additional studies.
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INTRODUCTION

Calcium metabolism
Bone Toss occurs

These changes which occur during
spaceflight are similar to changes observed in
i i 5) and monkeys (6), but the

mineralizaton defect, leading to a rapid loss of
bone. The sequence of metabolic changes which oc-
curs after this postulated increase in bone resorp-
tion includes a slight increase in serum calcium
and phosphorus. The homeostatic response to this
change in serum calcium involves changes in circu-
lating levels of parathyroid hormone and the active
metabolites of vitamin D. Calcium turnover and
urinary calcium output increase.

tive calcium balance, In paralyzed patients and
bed-rested subjects, this process appears to be
self-Timiting. Following the initia] rapid loss of
bone, calcium turnover and urinary output decrease
to below-normal values. This chronic phase of
immobilization osteoporosis appears to be a state

i i oW turnover rate.
Tization in adults does not appear to completely
correct the bone mass defect, so that adult bone
Toss due to immobilization or weightlessness may be
irreversible.

The characteristics of immobilization osteo-
porosis are quite different in young, growing pa-
tients or animals. Bone turnover in a Juvenile
skeleton is qualitatively different from that in an
adult skeleton. Adylt bone is characterized prim-
arily by remodeling activity, in which existing
bone is resorbed by osteoclasts and then replaced
by osteoblasts, with no net change in bone mass or
spatial orientation of the bone. 1Ip contrast, ju-
venile bone changes are composed of two processes:
1) growth and modeling, and 2) remodeling. The
growth and modeling component includes periostea]
apposition, endosteal resorption and apposition,
and growth in the epiphyseai-metaphyseal regions of
the bones, and dominates bone turnover until the
skeleton matures. During this time of growth, bone
formation exceeds bone resorption by a significant
amount so that net body calcium balance is posi-
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tive. Tittle data exist on the gquantitative values
of bone formation and resorption in Juveniles,

and even less on the effects of immobilization or
weightlessness on these parameters. Experiments
on previous Cosmos flights has shown that bone
formation in the tibia is depressed in young,
growing rats (2), but no direct information has
been obtained about bone resorption or any of the
other calcium metabolic parameters such as excre-
tion, absorption or net calcium balance. The
basis for the present study was to determine the
response of calcium homeostasis and bone to weight-
lessness,

Natural calciym § mixture of the stable
isotopes 48’45’AS-H$’18’23Ca in varying percen-
tages, with 40Ca making up the largest fraction
(96.94%). The other stable calcium isotopes are
present in relatively small amounts, such as 46(a
at 0.0033% and 48Ca at 0.185%. Natural calcium
can therefore be considered a bulk i

labeled with smal] quantities of
In this way, one can con-
sider also that all the skeletal calcium of man

or any other animal is labeled with these stable
isotopic tracers, and bone breakdown or resorption
can be measured directly if one Mmeasures the rate
of release of one of these tracers from bone into
the serum/extracellular fluid pool. The only con-
tinuous sources of calcium into the serum pool are
bone and the diet (Fig. 1). In the normal situa-
tion, both bone and dietary calcium are made up of
natural calcium, and thus both are labeled with
stable ésotopic tracers such as If one re-
moves 48¢a from the diet, however, then it is
distinguished from bone calcium by this lack of
tracer. This is done by replacing natural dietary
calcium with isotopically-separated -1002 40ca.

As calcium is excreted from the serum, it is re-
placed by calcium coming from both bone and the
diet, but the only source of 48Ca is the bone.
Therefore, the amount of 48Ca in the serum or
muscle will fall to a value which represents the
fraction of calcium turnover coming directly from
bone (Fig, 2).

measurements made in these trac-
8ca to total cal-
(or_serum) and the excreta.

methods were used. Bone resorption was measured
directly as the release from the skeleton of the
Stable calcium isotope 48Ca. Endogenous calcium

excretion was also measured. When data on calcium
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Figure 1. Schematic representation of calcium
movement 1N the body. Calcium enters the serum

pool from pone and intestine and leaves yia the
urine, feces, and bone formation.

pepLETION OF 48c, IN SERUM

L AFTER illMlNATIDN FROM DIET

10 20
TIME (DAYS)

Djsappearance of 4805 from the serum
with time after alimination from the diet. Asymp:
totic value represents the fraction of exchangeable
calcium coming from bone.

intake is provided then intestinal calcium absorp-
+ion whole body bone formation will be calculated.
The excretion of sodium, potassium, magnes ium and
zinc was determined to compare with the calcium

results as an indicator of overall mineral homeo-

stasis-
METHODS AND PROCEDURES
subject material

A total of 10 rats were used in this study:
5 rats from the flight group killed smmediately
postf1ight (1F1—5) and their 5 synchronous con-
trols (151-5). i
viets following f1ight wers the rib cage (1eft and
right sides) from each animal and approximate1y
50% of each 2-day excreta collection from each

i 4 102 fecal
e muscle from each rib
in the serum pecause it has been <hown that muscle
calcium equilibrates rapidly with serum calcium in
tracer studies

Diet greparation

In order to use the continuous calcium tracer
methods outlined in the introduction, natural
dietary calcium had to %% rep1aced with stable,

i Ca.

replaced with the chemically identical 20CaC03
; s : This diet was
indjstin%uishab1e from the normal paste diet except

e started ON this
1oading into the flight hardware.

Approximate]y 50% of each 2-day poo]ed excreta
collection was received dry in 2 polyethylene vial.
These specimens represented pooled urine and feces
due to the manner in which excreta collection was

e was weighed, ground in a mortar and
Anaﬁqwtoftm

dried powder was accuratel& weighed (tp.\ mg) into
i i 1-0.2 gm of feces was

e :
used depending upon amount received for each sample.

Feces Were ashed at go0oc for 48 hours and the as
was wel d (+0.1 g). The ash was dissolved in
12N HNO3, taken b dryness, nd the residue d1s
golved 1N HNO, and diluted U either 25 ml or ml
depending on sample s1 This was he stock solu
tion on h mineral and calcium tracer measure-

1eft and right sides) of each

The rib cagé (
The specimens were

animal was received frozen.
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thawed and the intercostal muscles were dissected
out from between the third and eleventh ribs.
Extreme care was taken in the dissection to be
sure that no cartilage or bone was included in the
muscle samples. To do this only 60-70% of the
total musculature was used. Rib cages from left
and right sides of each animal were treated as
separate specimens, providing a total of 20 sam-
ples. Each muscle specimen was placed into a
crucible, dried, weighed, ashed at 6000C and
weighed again to determine ash content. The ashed
samples were then dissolved in HNO3 for tracer
analysis.

Tracer and chemical analysis

Total calcium, magnesium, sodium, postassium
and zinc were determined in each fecal sample
solution using atomic absorption spectrophotometry.
Results were expressed in terms of mg of each min-
eral per gram of dried fecal material and total
mg per 2-day collection period.

A 10 ml aliquot of each stock fecal solution
was taken for calcium tracer measurements. The
sample was adjusted to pH 4-5 with 8N NHz0H. 3 ml
of saturated ammonium oxalate ((NHg)2C,04) was
added to each solution to precipitate calcium as
CaC204. Solutions were centrifuged and super-
nate discarded. The precipitate was washed, re-
dissolved and reprecipitated, washed again and
finally dissolved in 4N HNO3. 1.00 ml of this
solution was used for neutron activation analysis
determination of 48Ca content and total calcium
was determined by atomic absorption on an aliquot
of the remaining solution.

Neutron activation analysis for 48Ca was done
at the Berkeley Research Reactor, University of
California, Berkeley. Each prepared sample was
paired with a standard containing a known quality
of 48Ca and irradiated in the Flexorabbit facility
of the BRR for 10 minutes at a thermal neutron
flux of 1.0x1013 cm-2sec-1. Two minutes after
irradiation, the samples were counted for 5 minutes
(real time) with a high efficiency Ge(Li) detector
coupled to a 4096-channel pulse height analyzer.
Standards were counted in the same geometry immed-
iately after the sample count was completed. Live
counting time of the system was determined using
pulser electronics. The intensity of the 3084 keV
photopeak from 49Ca was determined in each spec-
trug using the computer code SAMPO. The quantity
of #8Ca in each specimen was determined from sam-
ple and standard photopeak intensities, decay
times and counting times, and the known standard
mass of 48Ca.

RESULTS

The results of the mineral analyses of the
excreta calcium, magnesium, sodium, potassium, zinc
and ash are presented graphically in Figure 3.

Each data point is the mean of the values obtained
for the 5 rats in the flight and control groups.

The points are plotted in 2-day collection periods
without correcting for actual endogenous excretion
periods. Results are expressed in mg per gram of
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dried feces for the minerals and percent of dry
feces for ash. Total fecal material excreted by
flight and control groups was not significantly
different when averaged over the whole flight
period (10 collections). When averaged over col-
lection periods 2-9, however, the synchronous con-
trol animals excreted approximately 14% more feces
than flight animals (1.24 g/day vs. 1.09 g/day).
It is not known whether this difference is due to
increased food utilization in the flight animals
or to a decreased food intake because food con-
sumption data for 1F and 1S rats has not yet been
provided.

MINERAL EXCRETION IN RATS DURING SPACEFLIGHT
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Figure 3. Excretion of Ca, Mg, K, Na, and Zn by

flight and control rats.
on a dry weight basis.

A1l values are expressed

Bone resorption expressed as the fraction of
the exchangeable calcium pool coming from bone was
0.690 + 0.089 in flight animals vs. 0.675 + 0.085
in controls, measured at the end of the flight per-
iod. Fecal excretion of 48Ca/total Ca was 0.159 +
0.011 for the flight rats and 0.157 + 0.006 for
control rats at the end of the flight period. Endo-
genous excretion of calcium, based on the measured

8Ca/total Ca ratio and measured total calcium
excretion was 29.0 + 3.1ug 48Ca/day in flight ani-
mals and 37.4 + 3.2ug 48Ca/day in control animals.
Bone resorption rate at the end of the flight per-
jod was 15.7 mg Ca/day in the flight rats and 20.2
mg Ca/day in the controls.

DISCUSSION

Bone formation in rats is known to be de-
creased during spaceflight. In normal mineral
homeostasis, a decrease in bone formation will lead
to a decrease in bone resorption as well, so that
bone mass will be maintained. If bone resorption
either proceeds at its normal rate or increases,
then bone mass will be lost at a rate which is pro-
portional to the difference between formation rate



and resorption rate. Estimates of the kinetics of
the decrease in bone formation in the rat during
spaceflight (3) suggest that formation decreases
linearly with time, finally virtually ceasing at
11-12 days of flight. In contrast, the kinetics of
bone resorption measured during this experiment
suggest that the breakdown of bone in flight rats
is maintained at the same level as in control rats
until 10-12 days into flight, then starts to de-
crease, reaching a level which is 20-25% below that
for synchronous controls at the end of the flight
period. It is significant that resorption norma-
lized by calcium turnover does not decrease during
flight, so that the decrease seen in the bone re-
sorption rate is probably secondary to a decrease
in total body calcium turnover. These results in-
dicate that in rats during spaceflight, as in
immobilized humans, bone formation and bone resorp-
tion are uncoupled, and the difference in their
rates should lead to significantly less bone mass
for flight animals compared to controls. Of par-
ticular interest may be the fact that while the
bone resorption rate decreases during flight, it is
still 75-80% of normal at the end of flight. This
may indicate that bone loss on even longer flights
will continue unless some method can be found to
either turn off resorption completely or turn on
formation again.

The other parameters of calcium metabolism
such as calcium balance, bone formation, and intes-
tinal calcium absorption have not been calculated
due to lack of food intake data for the flight and
synchronous control groups. The decrease in bone
resorption apparently secondary to decreased cal-
cium turnover, however, indicates a probable de-
crease in intestinal calcium absorption as well.
This absorption has been found to be decreased ~40%
in hypokinetic rats (7).

The excretion of minerals other than calcium
show some interesting patterns. Sodium and potass-
jum are virtually identical in their excretion with
a consistent rise even until the end of flight when
levels were 4-5 times normal. Whether this is de-
creased absorption or increased endogenous excre-
tion is not known, although a rise of this magni-
tude would be expected to be due to increased
excretion. Zinc excretion is the most consistent
of all the elements in the control rats, and in the
flight rats shows a rapid rise followed by a grad-
ual fall back to near-normal values. This pattern
has not yet been analyzed on the basis of zinc
physiology.

SUMMARY

Bone resorption was measured directly in
flight and synchronous control rats during Cosmos
1129. Continuous tracer amdinistration techniques
were used, with replacement of dietary calcium with
i otopically enriched 40Ca and measurement of the

Ca released by the skeleton by neutron activation
analysis. There is no large change in bone resorp-
tion in rats at the end of 20 days of spaceflight
as has been found for bone formation. Based on the
time course of changes, the measured 20-25% de-
crease in resorption is probably secondary to a

decrease in total body calcium turnover. Total
calcium excretion starts to decrease after 10-12
days of flight, again probably due to decreased
turnover but possibly due to decreased intake.
The excretion of sodium, potassium and zinc all
increase during flight, sodium and potassium to a
level 4-5 times control values. The continual
imbalance of bone formation and breakdown and the
large excretion of other minerals from the body
during spaceflight indicate that mineral homeo-
stasis does not adapt to weightlessness at least
within the time frame studied in this experiment,
and that the long-term consequences of weightless-
ness are not yet known.
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BONE GROWTH IN THE RAT MANDIBLE DURING SPACE FLIGHT
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Rats flown for 18.5 days in the COSMOS 1129
biosatellite exhibited normal rates of dentinogene-
sis (lower incisors) and osteogenesis in the body
of the mandible during 18.5 days at 0-G. The rate
of migration of the molar teeth owing to bone
remodel ing around the roots was slightly but not
significantly reduced. The total calcium, phos-
phorus and hydroxyproline levels in the jaws and
incisors of the flight rats were normal. Gravity
density fractionation studies suggested however,
that spaceflight caused a delay in the normal
maturation of bone mineral and matrix; the teeth
were spared, and exhibited a normal circadian and
ultradian pattern of enamel-dentin calcification.
We conclude that the rat mandible did not suffer
the deficits of bone formation common to weight-
bearing parts of the skeleton of animals during
spaceflight.

INTRODUCT ION

Efforts to understand how prolonged space-
flight affects changes in calcium homeostasis and
bone formation-resorption have been pursued in
laboratery rats during three joint NASA-Soviet
Biosatel lite Flights of 18.5 - 22 days duration
(COsSMOS 605, 782, 936) (1-4). The appendicular
weight-bearing bones (femurs and tibias) suffered
reduction in the rate of cortical and trabecular
bone growth and in their ash content, but certain
of the forelimb elements (ash content of ulna and
radius) were spared. Quite unexplained was the
fact that periosteal growth was diminished while
endosteal growth and resorption remained unchanged.
The COSMOS 936 biosatellite also included some
animals maintained in a centrifuge which provided
a 1G environment, and their skeletons were largely
spared the deleterious effects of null gravity.
Healing of the periosteal growth deficit and
restoration of long bone mechanical strength was
noted in the 0-G group after a 25 day post=-flight
recovery period in a Moscow vivarium. In the
most recent COSMOS 1129 flight (September-October,
1979) there was an opportunity to examine the
effect of null gravity on the integrated growth
and remodeling of a non-weight-bearing bone-the
mandible, and its teeth. How might 0-G affect
tissues in a skeletal element which is supplied
with a large antigravity muscle?

MATERIALS AND METHODS
Three groups of 5-7 SPF male rats (270-320
grams) were injected with 1.0 mg/kg Declomycin 3
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days prior to being loaded into a block modules of
5 cages (singly housed) mounted in a modified
Soyez spacecraft. The animals were then launched
intfo orbit for a pericd of 18.5 days. The par-
ticular details of the flight have been described
by Wronski et al, (5). During flight, the rats
were exposed to a 12 hour/12 hour |ight-dark cycle.
Water was supplied ad lib, and they were fed 10g
alliquots of a nutritionally adequate paste diet
four times per day. Control animals were main-
tained in a landbound mock-up of the biosatellite
under nearly identical conditions, and these were
subjected to simulated stresses of launch and
recovery (acceleration and vibration). Additional
groups of (unstressed) control animals were main-
tained in a Moscow vivarium. A group of 5 flight
rats were injected with Declomycin (1.0 mg/kg)
shortly after recovery of the spacecraft, and they
were sacrificed 38h later. The control groups and
one group of flight rats received a second and/or
third injection of Declomycin on the 6th and 27th
days following recovery, and they were sacrificed
48h later. The total number of groups of animals
were as fol lows:

Groups

| Preflight Vivarium Controls
Il Flight Basal
Il Synchronous Basal
IV Synchronous Controls
V Flight Rats

At autopsy the mandibles were recovered,
cleaned of soft tissues and fixed in either 70% or
95% ethyl alcohol, for analysis of the growth
(tetracycline data) and matrix-mineral maturation.

Analysis of Growth: The left jaw was divided
into three regions - the premolar, molar and post-
molar regions. The premolar and molar areas were
embedded, undecalcified in methy!| methacrylate,
and sectioned transversely to the long axis of the
Jaw on a high speed rotary saw at 50-60 um. The
molar region was sectioned in the frontal plane at
10 um on a Jung Microtome to reveal the roots of
the molar teeth, and these sections were stained
with the Goldner method to reveal mineralized bone
and osteoid. All the sections were examined by UV
microscopy, to reveal the distribution of the
tetracycline time markers. The mineralization
rate (= appositional bone growth and dentincgene-
sis) was estimated by measuring the distance be-
tween the tetracycline bands, and dividing that




value by the time interval (days) between injec-
t+ions. These measurements around the roots of the
molar teeth, based on Vignery and Baron's model
(6), provided information about the rate of footh
migration via resorption (anterior surface) and
formation (posterior surface).

Dentinogenesis was estimated in the region of
the diastema, a region providing a period of
growth of 19-21d. When the fetracycline labeling
intervals were longer than 21d, we used sections
of the erupted portions of the teeth where the
dentin was formed almost exclusively during the
flight pericd.

Matrix-Mineralization Maturation: The incisor
was removed from the right jaw and it was divided
into 3 regions representing the distal region of
tooth formation, the middle region of tooth matu-
ration, and the coronal or erupted portion. The
teeth sectors and jaw bones were individually
separated by a bromoform-touluene gradient density
separation into 3 specific gravity fractions
(1.3-1.9, 2.0-2.1, 2.2-2.9) and these were ana-
lyzed for calcium (Ca), inorganic pohsphorus (Pi)
and hydroxyproline (HO-Pr). In the normal growing
rat, most of the mineral and HO-Pr in bone and
teeth are concentrated in the highest gradient
density fractions (2.2-2.9) - the less mature bone
and tooth mineral being distributed in fractions
1.31.9 and 2.0-2.1. Thus, these analyses record-
ed a maturational profile for bone matrix and
mineral.

RESULTS

DenTinogenesis: At the mandibular diastema,
the average preflight rate of dentinogenesis was
17-18 um/d, and this was unchanged during the
flight and post-flight recovery periods (Figure 1%
In the vivarium and synchronous control groups,
however, the rates of dentinogenesis increased
slightly during the recovery period.
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Osteogenesis: A. Body of the Mandible. No
changes from the normal rate of osteogenesis was
noted in the area of the mandibular diastema dur-
ing spaceflight. The normal rafe of growth of
about 3-4 um/d was also maintained during the
postflight recovery period (Figure 2). Growth in
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the groups of control animals proved fo be the more
variant. Intergroup variations were also absent in
the ossification of the post-molar mandibular ramus.
Periosteal growth along the superior and inferior
rami averaged 2-3 um/d both during the flight and
postflight recovery periods.

These data suggested that spaceflight had no
effect upon the appositional growth of the body of
the rat mandible - a non-weight-bearing bone.

These results stand in sharp contrast to the data
presented by Wronski (1980) that appositional
growth rates in the weight-bearing bones (appendic-
ular skeleton) were depressed 30-60%. In fact,
however, the jaw bones from the animals flown in
space were not entirely normal. There were dis-
+inct changes in the remodeling of the alveolar
bone around the roots of the molar teeth and in the
maturational status of the bone mineral and colla-
gen of the mandibles.

B. Alveolar Bone. Changes in the rate of
osteogenesis in the jaw were obvious only around
the roots of the molar teeth. The rates of forma-
tion in the control were 8.6 um/d versus 6.8 um/d
for the flight animals. There was no change in the
volume of the periodontal |igament, but the extent
of specific surfaces of formation and resorption
were reduced. The most conservative interpretation
of the data is that the tipping of the molar teeth
which is a normal consequence of age was reduced
in the flight animals.

Bone Maturation: When the jaws and each of
+he 3 regions of the incisors were analyzed for
total Ca, Pi and HO-Pr, we could not distinguish
the flight from the control animals by any changes
in their hard t+issue chemistry (Figure 3). The
illustrations also include, for comparison, data
from animals of the same age and sex fed Purina
Laboratory Block Chow and tap water. The density
gradient fractionation studies indicated, however,
that rat alveolar bone was distinctly abnormal
after spaceflight (Figure 4). In all flight rats,
there was a highly significant diminution of bone
collagen and mineral moieties in the most dense,
mature fractions (2.2-2.9), with a corresponding
increment in the least dense, most immature
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fractions of the flight rat bones had 30% less
mineral and collagen (HO-Pr) than the corresponding TR T
fractions of the control rat bone. These changes
suggested that there was a distinct deficit in the
flight animals-that there was a delay in the matu-
ration of the collagen (lack of intramolecularcross
linds) and apatite mineral. Importantly, these
deficiencies were fully corrected during the post-
flight recovry period of 29 days.

Similar changes were not apparent when the
3 regions of the teeth were analyzed (Figures 5ab), LTI ROl Reskd
suggesting that the feeth were highly conserved
elements, i.e., vitally essential to life itself.

Density Gradient Specific Gravity

Figure 5b
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Microradiographs of the growing surfaces of
the bones did not detect the mineral deficit asso-
ciated with the period of null gravity, but they
did reveal alternating bands of high and low
density in the dentin of the rat incisor. There
were no obvious differences between the flight and
control rats in this regard. An attempt was made
to define the biorhythmical components of growth
in the incisor dentin since it was possible that
spaceflight interfered with the normal rhythmic
behavior of the odontoblasts.

Biorhythmicity (Electron Microprobe): Con=
tinuous 1 um traces with the electron microprobe
(Monsanto Corp., St. Louis, MO) from the pulp to
the labial surface of the enamel revealed that
there were repeatable Ca and Pi peaks (Fourier
Analysis) at intervals of 5 um. Since labial
dentin was deposited at a rate of 20 um/d, these
5 um intervals obviously represented periods of
formation at times shorter than 24 hrs, and mul-
tiples of this rhythm represented a circadian
time period (= 24 hours).

COMMENT

There were few direct measurable effects of
spaceflight in the mandible of the rat. This
suggests that as opposed to the long bones which
are weight-bearing parts, the skeletal elements
that are non-weight-bearing- even when supplied
with an anti-gravity muscle- would tend to be
unaffected. This was not surprising since the
growth of the entire body of the rat mandible
must be coordinated with the production of the
incisor teeth which grow along a spiral axis.
The lower incisors must appose after eruption if
the animal is to continue eating and assure its
survival. While the appositional growth of the
body of the mandible is relatively normal, we did
detect changes in the maturation of bone collagen
and mineral. Such changes involving a delay in
the maturation of the collagen and mineral frac-
tions is typical of some other skeletal problems
such as those which have been documented in uremic
rats (7). It was also notable that the rates of
bone formation and resorption around the roots of
the melar teeth were reduced. This might occur
if there were a flight-related reduction in the
maturation or the osteoprogenitor cell population
to the osteoblast class. The reduction in bone
turnover and tooth migration may have been due to,
in part, the soft diet which did not provide
sufficient resistance to chewing. Such a change
has been reported in the tissue surrounding the
maxillary molar teeth. Roberts (7) noted that,
on the basis of nuclear: cytoplasmic volume
ratios (large ratios being typical of the mature
osteoblast), there was a predominence of cells
with a low volume ratio, i.e., more than the nor-
mal number of osteoprogenitor cells. The retarda-
tion of cell maturation may have been due toalter-
ations in blood corticosteriod levels and/or
parathyroid gland function. In toto, the data
suggests that even the non-weight-bearing bones of
the skeleton will not escape the effects of
spaceflight and that it is rather the quality of
the bone which is impaired rather than the actual
volume of the tissue or its mineralization status.
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A NEW RAT MODEL FOR STUDIES OF HYPOKINESIA AND ANTIORTHOSTASIS

X. J.
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Univ. of Louisville, KY, 40292 USA

A new rat model (suspension and
immobilization) is described for induction of
hypokinesia and orthostatic manipulations.
Hypokinetic responses were comparable to those
in prolonged bed rest and weightlessness in
humans, body or limb casted and small cage
restrained animals. Responses to antiortho-
stasis (15 to 20° head down tilt) in rats were
similar to those in neutral bouyancy tests in
humans and animals and to those in prolonged
bed rest in humans. During 7 days of hypo-
kinesia there was an atrophy of the gastroc-
nemius and increased excretion of urinary
nitrogenous end products. The antiortho—
static (AOH) 15 to 20° head down tilt resulted
in diuresis, natriuresis and kaliuresis. No
comparable responses were observed in ortho-
static hypokinetic (OH) rats. Readaptation
from AOH and OH occurred during one week
recovery in metabolic cage conditions.

APPROACHES TO HYPOKINESIA AND ANTIORTHOSTASIS

Physiological responses to hypokinesia have
been studied in animals and man. In animals,
cast immobilization (1), small animal cage
restraint (2) and suspension (7,8,9,10) have been
used. Human subjects have been tested with
prolonged bed rest (4,5), weightlessness (12)
and neutral bouyancy (5).

During bed rest, body casting and weight-
lessness, the human subject is often both
hypokinetic and antiorthostatic. Thus, the
causitive factors in physiological responses are
often not separable. This led to our development
of an animal model which can be used for studies
of hypokinesia and antiorthostasis either
separately or concurrently.

Sprague Dawley rats were suspended in a
harness such that the hind legs were never in
contact with a supportive surface. To simulate
antiorthostasis, the rat was tilted 15° to 20°
head downward, for details see Musacchia et al.
(9) and Deavers et al. (3). Our model differs
from previous experimental approaches in that
the animal is suspended in a cloth-velcro harness
without sutures or adhesives. The animal retains
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the ability to utilize the front legs for feeding
and grooming.

Since bed rest and weightlessness result in
loss of muscle mass, increased excretion of
urinary nitrogenous end products and negative
calcium balance, our study using a suspension
harnessed subject was designed to test the
animal model for comparable physiological
responses. Furthermore, since human subjects in
a horizontal posture or in neutral bouyancy
conditions respond with diuresis, natriuresis and
often kaliuresis, the rat model was adapted to
produce comparable physiological changes.

RESULTS

Rats were suspended for seven days and
permitted to recover for seven days. After seven
days of hypokinesia, there was a marked increase
in kidney papillary urea levels, from control
levels of 698 to 1234 mg/100 ml in suspended
animals. Also, there was a twofold increase in
urine urea excretion from 4.5 to 8.0 m moles/day.
This occurred as early as the second day of
hypokinesia and remained elevated throughout the
hypokinetic suspension. During recovery, with
animals in metabolism cages, urinary excretion
of urea returned to control rates within the
first day.

There were parallel changes in ammonia
excretion. From the first day of hypokinesia,
through the seventh day, there was a twofold or
greater rate of excretion, from 0.1 - 0.25 to
0.45 - 0.6 m mole/day.

Urinary excretion of 3 methylhistidine (3MH),
an amino acid contained only actin and myosin,
increased significantly from about 0.42 (controls)
to 0.55 (hypokinetic) p moles/100 gm+day and
remained elevated throughout the seven days.

After rats were removed from the suspension
harness and placed in metabolism cages, 3MH
excretion showed a return to control rates, i.e.
0.42 };uml&s/lOO gmeday.

The gastrocnemius, an antigravity extensor
muscle, of the hind leg showed a significant
atrophy. Following one week of hypokinesia the
weight had fallen to 604 mg wet wt. compared to
weight matched control values of 734 mgs wet wt.
During a week of recovery, they regained most of



their muscle mass. Current studies using soleus
muscle also show evidence of considerable
atrophy.

Antiorthostatic responses are seen in terms
of progressively increased urine volume, from 8
to 16 cc/day during seven days of head-down tilt
position; these are compared to orthostatic
hypokinetic rats (OH) or metabolism cage controls.
After removal from suspension, during the first
day in the normal posture in metabolism cages,
there was a dramatic reduction in urine volume.
During the next seven days there was a progres-—
sive return to control rates of urine production.

Simultaneous measures of water intake of OH
and AOH rats showed no differences throughout
the week, thus the diuresis cannot be explained
by differences in water consumption. Also,
during the first day of recovery, there was a
significant increase in water intake. Our
deduction was that significant water retnetion
during the first day of removal from the anti-
orthostatic position resulted from both increased
intake and decreased output. It is noteworthy
that water retention is one of the more
consistent responses to recovery from bedrest
and weightlessness.

Alteration of Na+ and water excretion tend
to parallel each other in order to prevent
changes in plasma osmotic pressure. The Aog
showed a progressive increase of urinary Na
excretion during the week of head-down tilt
suspension, from 1.2 to 2.8 mEq/day, and a
marked reduction of urinary Na* loss during the
first day of recovery, followed by a return of
excretion rates to control levels. Also, after
seven days of suspension, serum osmolarity was
similar in AOH and OH rats. Additional testing
of control rats in metabolism cages showed
similar values. These results support the
effectiveness of parallel alterations in
excretion of water and Na 1in controlling plasma
osmolarity.

rats

Measurements of K+ showed progressive
increases in AOH rats during seven days of head-
down tilt suspension, and a marked reduction
during the first day of recovery, paralleling
the changes in the Na' loss. However,
interpretation for K changes are not as easy.
One view is that with muscle atrophy and
reduction in muscle fiber size, there is
subsequent release of intracellular fluid high
in K" which contributes to the high K output.
However, kaliuresis has been observed in short
term water immersion and antiorthostasis
studies which were probably not of sufficient
duration to cause atrophy (5,11). Thus other
mechanisms for increased K loss should not be
overlooked.

Research was supported by NASA Grant
NSG-2191 and NSG 2325.
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Na*-K'* DEPENDENT ATP-ase MODIFICATIONS OF SKELETAL MUSCLE
AND MYOCARDIUM OF HYPOKINETIC RATS

P,Groza, S5.Canandu, D.Ungureanu, A.Petrescu, C.T.Dragomir

Institute of Physiology, Institute of Medicine and
Pharmacy, Institute V.Babes, Bucharest, Romania

INTRODUCTION

Hypokinesia, by restraint of rats or mice,
produced in skeletal muscle and myocardium
different functional and structural chan-
ges (2, 4, 5).

The present work was devoted to the study
of membrane ionic transfer in skeletal and
cardiac muscle in rats submitted to 15, 30
and 60 days hypokinesia, by determining
the Na*-K" dependent ATP-ase activity.

METHODS

Investigations were carried out on a total
number of 70 male rats (180-200 gr) sub-
mitted to hypokinesia by including them

in narrow cages for 15, 30 and 56 davys.

Na and K content was determined by flame-
photometer in muscular tissues and also in
plasma. The Na* and K* dependeht ATP-ase
membrane activity was getermined in muscle
sections incubed with “H-ouabaine. After
washing the free, unbound fractions, mar-
ker was extracted with 5 % trichlor-aceto-
acid and was read in a Tricarb-Packard
spectrophotometer. The results were ex-
pressed in percentage of control (1).

RESULTS

The Na' content after 15 days of hypokine-
sia was not significantly changed in sole-
us and increased slightly but significant-
ly in the left ventricle. After 30 days
the Na of soleus and myocardium were both
increased.

The K* content does not change in both
muscles after 15 days and decreased affer
30 days (Fig.1l). In these intervals Na
and K plasma concentrations do not sig-
nificantly change.

The Na* and K' dependent ATP-gse of both
muscles were investigated after 15, 30

and 56 days of hypokinesia. In soleus it
did not change after the first interval,
but was decreased by 55 % after the se-
cond, and by 60 % after 56 days. In myo-
cardium the decreased activity was with
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Fig.l

19 %, 60 % and respectively with 70 %,
demonstrating thus a more important labi-
lity (Fig.2). The recovering capacity was
also investigated. Thus after 30 and 56
days of hypokinesia, the rats were kept
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Fig.2 Na®-K* ATP-ase

another 6 days in free movemeny conditions
and then sacrificed and the Na and K
dependent ATP-ase determined. There was
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an important recovery in soleus and more
important in myocardium, in which, after
the first interval was complete (Fig.3).
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Fig.3 Na*-K' ATP-ase recovery
DISCUSSION

After hypokinesia were found muscular

and myocardial electron microscopic
modifications, mitochondrial alterations
and atrophy of myofibrils (2, 4, 5).
Those observed in myocardium were more
marked expressing the decreased metabolic
rate due to diminished oxygen needs and
use and a functional deficiency. Partial-
ly, the changes that occured in myocard-
ium may be due to neuro-humoral reactions
induced by "stress", for which it is a
special target (7).

An expression for the functional gltgra—
tions are the changes found in Na -K
dependent ATP-ase, that appeared diminish-
ed, in relation with the hypokinetic time
interval. In myocardium the enzyme de-—
crease is more important and may appear
sooner, demonstrating a greater functio-
nal lability.

The modifications of Na and K content of
both muscles produced in these conditions
are the consequence of structural modifi-
cation and of alteration of the complex
ATP-ase mgmbrane system, that ensures the
Na® and K' extra- and intracellular dis-
tribution and polarisation (3, 6, 8).This
way are gxplained the augmented intracel-
lular Na' and the diminished K content.
The minimal changes observed in electroli-
tic plasma concentration are due probably
by compensatory hormonal reactions.
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EFFECT OF IMMOBILIZATION ON THE ATPase ACTIVITIES AND
Ca-UPTAKE OF SARCOPLASMIC RETICULUM IN DIFFERENT TYPES OF MUSCLES.

Gy. Jakab, L. Gajdos, F. Guba

Institute of Biochemistry
Med. Univ. Szeged, Hungary.

Isolated sarcoplasmic reticulum /SR/ vesicles ra-
pidly accuulate Ca™ from the medium and contain

a Ca’t stimulated ATPase activity. The splitting of
ATP occurs through covalantly linked phosphoprotein
intermediate. Relative pure SR vesicles were isola-
ted by sucrose gradient fractionation fram normal
and immobilized rabbit muscles. Experiments were
made on m.gastrocnemius and m.soleus. The changes
in the "extra" /Catt/ ATPase activity of normal and
immobilized muscles were examined in order to study
the Ca transport. It was found that "extra" /Ca**/
ATPase increased [about 2-fold/ in m.gastrocnemius
and /about 5-fold/ in m.soleus if camparing to the
control values after two weeks. Ca uptake was
measured under similar conditions to the determina-
tion of the "extra" /Catt/ ATPase activities. In
the case of Ca uptake, labelled Ca-45 was used.
Significant changes have been found in the Ca up-
take on the effect of immobilization.

TNTRODUCTTOR

Sarcoplasmic reticulum /SR/ is an intracellu-
lar network system surrounding myofibrils. It re-
gulates the concentration-relaxation cycle in
muscle by accumlation and release of calcium ions.

When isolated as microsames, SR retains the
capacity to accumlate calcium in an ATP dependent
process. Since calcium accumlation and ATPase ac-
tivity are readily measured in SR, these preparati-
ons are good models for representing the ion trans-
port system and the Ca uptake.

METHODS

Adult, male, New Zealand, white rabbits were
used. The richt hind legs of animals were immobili-
zed by plaster casts for 1-2-4-6 weeks. After im-
mobilization m.gastrocnemius and m.soleus were ex-
cised and the sarcoplasmic reticulum membrane frac-
tion was prepared by a modified method /1].

The total and basic ATPase activities were
measured according to /2/, and the extra Catt-ATPase
activity was calculated fram the difference between
the values of total and basic activities. The con-
centration of proteins were 0.03-0.1 mg. Protein
content was determined according to /3/ with bovine
serum albumin as standard. The temperature was 23°9C
in the experiments. The amount of the split inorga-
nic phosphorous was measured by turbidimetric method
/4/. Ca-45 uptake was determined according to [5/.
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The incubation mixture of t.e calcium uptake
was the same as that used for the determination of
total ATPase activity except that labelled Ca-45
was present /0.1 mM/. The measurement was carried
out by millipore membrane filter method, applying
45Ca012. Samples of filtrate /0.2 ml/ were counted
in scintillation fluid /Tri Carb Spectrameter,
Packard/ .

RESULTS

The aim of this investigation was to study the
effect of immobilization on the activity of ATPase
45Ca-labelled uptake. Purified SR fractions were
obtained by differential centrifugation fram rabbit
skeletal muscle. Contamination with other organ-
elles was monitored by using outer membrane 5’
nucleotidase activity /6/ and Nat —x* ATPase for
sarcolemma /7/ and acid phosphatase activity for
lysosames [8/. These activity values were not de-
tectable.

The total, basic and "extra" [Catt/ ATPase
activity values of SR vesicles fram m.gastrocnemius
and m.soleus showed changes. Figs. 1-2 show the
changes of the ATPase activities of SR membranes
from m.gastrocnemius and m.soleus.

The total ATPase activities went through a
maximm at the second week of immobilization and
approached the control values after six weeks. The
basic ATPase activity values were nearly equal in
both control and immobilized muscles. The extra
ATPase activity values were twice higher than the
control ones. After the maximum level the enzyme
activity values tended towards that of the control.

In the case of m.soleus [Fig. 2/, the total
ATPase activities also went through a maximm at
the second week of immobilization.

The basic ATPase activity values increased
two—fold after two weeks of immobilization.

The "extra" /Ca’tt/ ATPase activities were
twice higher in camparison with the control. After
the maximm level, the enzyme activities decreased
to the half of the control values in the case of
m.soleus.

We investigated the labelled 45Ca uptake ca-
pacity of SR reticulum vesicles /0.03-0.1 mg/. The
labelled Ca-45 uptake of m.gastrocnemius and m.so-
leus SR vesicles changed after immobilization.

Figs. 3-4 show the changes of the Ca uptake
capacity of SR reticulum vesicles fram m.gastroc=
nemius and m.soleus.

Ca-45 uptake values were the highest after two
weeks of immobilization in both types of muscles.
Tn m.gastrocnemius the levels of the uptake in-
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creased to three-fold and in m.soleus to four-fold.

It seems that the immobilization has a strong Ca~45 uptake of m gastrocnemius SR vesicies
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effect on the Ca metabolism of the fibres. The
muscle adapts itself to the new situation estab- ofter immobulization
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PLASTICITY OF FAST AND SLOW MUSCLE MYOFIBRILIAR PROTEINS IN MODEL EXPERIMENTS
SIMULATING WEIGHTLESSNESS

Magda G. Mészaros, O. Takdcs, J. Hideg,

E. Berényi, F. Guba

Inst. of Biochem., Univ. Med. Sci. Szeged,
Hung. Pecple’s Army Medical Corps, Hungary.

Plaster cast immobilization seems to be an ade-
quate method for simulating the effect of weight-
lessness on muscles under terrestrial conditions.

Therefore the protein composition of myofibrils
from fast and slow muscles of rabbit hind limbs im-
mobilized by plaster cast was analyzed using one
and two dimensional gel-electrophoretic techniques.
It was demonstrated that the response of structural
elements from functionally different muscles on the
altered demands manifests itself in a fading of iso-
myosin pattern characteristic of fast and/or slow
contractile properties. In the fast muscle the quan-—
tity of hamodimeric LC-3 isamyosin decreases, while
increases in the slow one. This results a transfor-
mation in the myosin population, consequently a de-
differentiation of muscle cells. The changes will
be discussed in the term of plasticity of vertebrate
striated muscles.

INTRODUCTION

It was shown in our previous paper /1] that
various forms of inactivity, such as hypckinesis
and akinesis induce muscle atrophy, and changes in
the camposition of structural proteins. From the
data presented here same conclusions can be drawn
concerning the pathophysiological mechanism of loss
of muscle mass. One of them seems to be the reduced
oxygen supply taking place as a consequence of al-
tered physiological activity, furthermore the ad-
dition of both effects, i.e. hypokinesis and hy-
poxia. Therefore, it seemed reasonable to investi-
gate the biochemical changes occuring on the
effects of reduced activity, akinesis and the cam—
bination of both.

METHODS

The following experiments were performed:
I. A group of rats was kept in normal cages, but
exposed to hypobaric conditions corresponding to
7000 m altitude above the sea level for 8 hours/
day in a special baro-chamber.
TT. Combined treatment. This group was subjected
to both hypckinesis and hypoxia, i.e. the rats put
in small cages were kept in baro-chamber for 8
hours/day. Two experimental series were performed:
the first group was exposed to the experimental
conditions for one month, the second for two months.
Each group consisted of 20 rats. The control ani-
mals were carefully selected from the same breed.
IIT. Inmobilization. Right hind legs of adult rab-
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bits were fixed in extended position with plaster
of Paris as reported previously /3/.

RESULTS

The changes cbserved in the mass of soleus are
moderate but significant after four weeks of
hypoxia and cambined treatment. The EDL shows about
25-30 & loss of mass on the influence of experimen-
tal conditions. The hichest degree of atrophy has
been found in the gastrocnemius muscles. After one
month the hypoxia and hypckinesis damages this
muscle in equal degree, the combined treatment to
same more degree. In the two months duration of ex-
periments the loss of mass was more pronounced in
the groups exposed to both conditions. The analysis
of the camwposition of myofibrils gave the following
results.

contro | Hvpoxmesis [HYPOXIA AND | yypoxia
MUSCLE — HYPOKINESIS
Lc-123 Lc-12:3 w-12:3 Le-1r2°3
v | 1015 07s| 102005 | 10 20025| 1020 08
GAS TROCNEMIS|
2 | 1015 om| 201505 | 2015 02 | 1008 04
v | 101005 | 101005 | 101005 | 1015005
T
Ext o6 LG ||y g0 06 | n020005 | 1o 5025 | 1010025
' 5% 15% 2% 6%
S0
s : 2% 9% 16 % 0%

Table 1: The ratio of myosin light chains in the
experimental groups

M Soleus M Gastrocnemius

Rabbit Rat Rabbit Rat
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Table 1 demonstrates the light chain pattern of
myosin population measured densitametrically after
SDS polyacrylamide gel electrophoresis. As it can
be seen the response of skeletal muscles to hypoxic
conditions differ fram the changes observed on the
influence of hypckinesis. While hypckinesis leads
to a shift in the IC-1 to IC-2 ratio, the hypoxia
alone affects the quantities of LC-2 and LC-3 sub-
units . The light chain pattern of EDL seems to be
relatively constant. The distribution alters only
after two months. The transformation of soleus can
be characterized by the increase of fast myosin
light chains. In this respect the alteration is
more pronounced on the effect of carmbined treatment.
The relative content of fast myosin light chains
increases fram 2-5 % to 22 %.

The relative distribution of slow and fast my-
osin light chains fram immobilized rabbit and rat
muscles is demonstrated in Table 2. It can be ob-
served that the analogous muscles of rats and rab—
bits response with different changes. The rabbit
soleus contains about 95 % slow light chains. On
the effect of four weeks disuse this decreases to
8l %, and at the same time the quantity of fast
light chains increases from 4.5 % to 19 %. In the
rat soleus the percent of slow light chains decrea-
ses fram 82 % to 75 %, and the fast ones increase
from 17 % to 25 %. We have to stress that the high-
est increase has been found in LC-3F camponents.

As regards the camposition of gastrocnemius my-
osin population, table 2 shows that in rabbits the
IC-3F and LC-2F do not alter significantly, but the
LC-3F underwent a 50 % decrease. The total fast
light chain decreases fram 76 % to 56 %. Fram the
fast light chains the LC-3 shows